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Iron oxides, hematite and magnetite, are common minerals throughout rocks and ores of all 
types and ages. The discovery of U-bearing hematite at Olympic Dam, the largest iron oxide 
copper-gold (IOCG) deposit in the Gawler Craton (South Australia) prompted development of 
this mineral as a new U-Pb geochronometer. Unlike accessory minerals routinely used to track 
hydrothermal mineralisation, iron oxides are dominant components of Precambrian IOCG 
systems and therefore geochronology of iron oxides is pivotal to understand deposit evolution. 
Iron oxide minerals are studied in terms of U-Pb systematics and reliability for dating 
Olympic Dam and surrounding IOCG prospects formed at ~1.6 Ga. The temporal window 
between crystallisation of magmatic zircon and hydrothermal Fe-oxides is investigated to 
define the onset and lifespan of mineralisation and assess magma fertility. A matrix-matched 
reference material for routine microbeam geochronology is synthesised and tested for U/Pb 
isotope homogeneity by ID-TIMS. 
The U-Pb systematics of hematite are complex, exhibiting U-Th-Pb concentration and ratio 
heterogeneity at the nano- to micron-scales. Nevertheless, using a multi-instrument approach, 
high- precision data is routinely obtained. Reconnaissance SEM imaging in BSE mode and 
LA-ICP-MS isotope mapping allows pinpointing of U/Pb-homogeneous, inclusion-free grain 
domains. Dating of such domains via LA-ICP-MS using both mixed-(U/Pb)-solution and 
zircon reference materials produced successful results and a steppingstone to investigate at 
higher resolution and precision. The first application of both SHRIMP and ID-TIMS to 
hematite dating confirmed the robust U-Pb system in natural hematite, yielding 207Pb/206Pb 
(ID-TIMS) precision of up to ~0.05%. 
Coupled with (CA-)ID-TIMS analysis of magmatic zircon, hematite sampled throughout 
the Olympic Dam deposit provides a well constrained magmatic-hydrothermal timeline of 
xiv 
 
events. The granite intrusion hosting Olympic Dam was emplaced rapidly at 1593.28 ± 0.28 
Ma. The orebody was formed during a major mineralising event following granite uplift and 
during cupola collapse over a period of ~2 Ma, whereby the earliest hydrothermal activity is 
recorded in the early, deep ‘outer shell’ of the deposit at 1591.27 ± 0.89 Ma. Findings discredit 
a shallow origin for the deposit based on irreconcilable differences between the depth of granite 
emplacement and timeframes of uplift and fluid exsolution. 
Recognition of U-bearing hematite with a comparable W-Mo-Sn-bearing signature and age 
as Olympic Dam hematite within other IOCG systems, Wirrda Well and Acropolis, links the 
fluid forming the wider Olympic Cu-Au Province to a common source and time period. 
LA-ICP-MS U-Pb dating of U-bearing, silician magnetite from Fe-rich lithologies in the 
outer shell at Olympic Dan yields an age of 1761 ± 19 Ma, distinct from any other ages found 
within the deposit. The age is likely linked to ca. 1750 Ma intrusive/extrusive magmatism 
reported across the Gawler Craton. This shows the presence of older ore protoliths within 
Olympic Dam and represents the first successful application of U-Pb dating to magnetite. 
Magmatic zircon studied down to the nanoscale from two granite suites in the Gawler Craton 
shows crystal zoning with respect to ‘non-formulae’ elements such as Fe, Ca, and Cl, and also 
chloro-hydroxy-zircon nanoprecipitates when associated with IOCG mineralisation. This is 
indicative of early Fe-Cl-metasomatism prior to metamictisation, a diagnostic tool for assessing 
‘fertility’ of granitic magmas. In contrast, metamict zircon from high-grade bornite ores shows 
patchy amorphisation throughout domains with pervasive enrichment in U-, Y- and non-
formula elements. 
Hydrated ferric oxide doped with U-Pb solutions was converted to Fe-oxide and assessed 
by SEM imaging, XRD and LA-ICP-MS indicating the presence of homogenous U-Pb domains 
in cm-sized chips of hematite. Micro-sampled domains were measured by ID-TIMS confirming 
U-Pb isotope homogeneity at high precision. 
xv 
 
Hematite is a remarkably robust U-Pb geochronometer for dating hydrothermal ore deposits. 
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CHAPTER 1: INTRODUCTION 
Iron constitutes 5% of Earth’s crust, readily bonding with oxygen to form the iron-oxide 
minerals hematite (α-Fe2O3) and magnetite (Fe
2+Fe3+2O4) in most geological environments 
(Deer et al., 2013). Combinations of magmatic, hydrothermal, detrital and biochemical 
processes have concentrated these minerals in economic quantities throughout Earth history. 
The Gawler Craton, South Australia, contains two genetically and temporally distinct types of 
iron-oxide accumulation: (1) chemically precipitated, banded iron formation (BIF); and (2) 
magmatic-hydrothermal iron-oxide copper gold (IOCG) systems (Drexel et al., 1993). Such 
iron-rich deposits contribute a significant value share of the mineral resources in South 
Australia. 
Extensive accumulations of BIF were deposited in the Middleback Ranges, northeastern 
Eyre Peninsula, in the period straddling the Archean-Paleoproterozoic boundary (Szpunar at 
al., 2011), and currently represents the major iron-ore producing region in South Australia. The 
complex evolution from BIF to Fe-ore spans multiple tectonothermal events and hydrothermal 
fluids over more than ~1 Ga (Keyser et al., 2019). These events are recorded in the textures 
preserved in iron-oxides, their geochemical signatures and geochronology (Keyser et al., 2018, 
2019; Dmitrijeva et al., 2018). Iron-rich (meta)sedimentary rocks of BIF-type affiliation are 
found throughout the late Paleoproterozoic Wallaroo Group, which can be spatially associated 
with IOCG systems (Keyser et al., 2017). Superposition between Fe-rich protoliths and IOCG 
mineralisation is well documented (e.g., Carajás district, Brazil; Grainger et al., 2008), 
however, evidence for direct genetic links between BIFs and IOCG systems remain tenuous 
within the Gawler Craton. 
The eastern Gawler Craton hosts a ~700 km long belt of temporally and mineralogically 
correlated Mesoproterozoic IOCG deposits and prospects, collectively termed the ‘Olympic 
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Cu-Au province’ (Skirrow et al., 2007; Reid, 2019). This belt hosts the eponymous Olympic 
Dam IOCG deposit. The timing of Cu-(U)-Au mineralisation across the province is considered 
broadly coeval with emplacement of the Gawler Silicic Large Igneous Province (Allen et al., 
2008) at ~1.6 Ga (e.g. Skirrow et al., 2002; 2007; Reid et al., 2013), however, the tempo and 
lifespan of mineralisation remains contentious. This is largely due to four factors: (1) the 
timescales of geological processes in question are often shorter than achievable levels of 
analytical precision required to resolve them; (2) few minerals precipitating at the conditions 
of ore formation can homogeneously incorporate radioactive elements and preserve 
unperturbed isotopic decay-chains throughout geological time and superimposed 
tectonothermal events; (3) uncertainty regarding which event(s) a given mineral is isotopically 
recording; and (4) IOCG systems are hosted within at least six temporally and mineralogically 
distinct lithologies. Such challenges are amplified in Precambrian IOCG sensu stricto deposits, 
in which brecciation, pervasive alteration and geological timescales combine to limit accurate 
and precise dating. 
Although the phenomenon has been known since the work of Oreskes (1990), the first 
detailed characterisation of U-bearing hematite at Olympic Dam, the largest IOCG deposit in 
the Gawler Craton, propelled development of this mineral as a potential U-Pb geochronometer 
(Ciobanu et al., 2013). Although often considered as an archetypal IOCG deposit, Olympic 
Dam differs from other IOCG deposits in the region, and worldwide, in that the U content is 
high – sufficiently high for the element to be recovered economically. 
More than 90 % of this U is contained within uraninite, coffinite and brannerite (Ehrig et 
al., 2012), but is commonly measurable in hematite (which makes up ~30 % of modal 
mineralogy) at minor to trace concentrations , and may reach wt. % concentrations within high-
U zones in some zoned hematite grains (Ciobanu et al., 2013; Verdugo-Ihl et al., 2017). A 
distinct, primary generation of hematite, which typically displays oscillatory (±sectorial) 
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zoning with respect to U,W, Sn, and Mo (a characteristic signature hereafter referred to as 
‘granitophile elements’), and variably enriched in REE and HFSE, is ubiquitous within all ore 
zones and major lithologies found throughout the 6 km-strike and 2 km-deep vertical extent of 
the Olympic Dam Breccia Complex (Verdugo-Ihl et al., 2017). Such hematite is also 
recognised within the early, deep ‘outer shell’ of the deposit, at the contact to granite hosting 
the breccia complex (Verdugo-Ihl et al., in press). 
Although some of the zoned hematite grains record evidence of repeated episodes of 
reworking, overprinting, brecciation, fluid-mineral reaction and element remobilisation 
(Ciobanu et al., 2013; Verdugo-Ihl et al., 2017), primary zonation patterns are commonly 
preserved and the isotopic systems are retained unmodified (Courtney-Davies et al., 2019a). 
Nanoscale imaging of primary zoned hematite using transmission electron microscopy (TEM) 
reveals that the measured U and radiogenic Pb are present within the crystal lattice, rather than 
as discrete micro- to nano- scale inclusions (Ciobanu et al., 2013). The notion that hematite can 
incorporate U is supported by experimental studies, whereby synthetic hematite was 
successfully doped with up to several wt.% UO2 (Duff et al., 2002). The proposed substitution 
mechanism in U-rich hematite from Olympic Dam (up to 0.013 atoms per formula unit, 
assuming U6+; Verdugo-Ihl et al., 2017), is based on vacancy-induced crystal-structure 
modifications (long-range superstructures) following the proposed substitution: 2Fe3+ ↔ Me6+ 
+ □ (Me: U, W, Mo; Ciobanu et al., 2013, 2018). Likewise, evidence exists for the 
incorporation of Pb in hematite (e.g., Vu et al., 2010). 
Reconnaissance U-Pb dating of zoned hematite from Olympic Dam by laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) established that ~1590 Ma dates 
could be obtained (Ciobanu et al., 2013). Such dates were later replicated (e.g., Apukhtina et 
al., 2017). At this stage, calibration of unknowns involved the use of zircon reference materials, 
predicated based on comparable U/Pb downhole fractionation trends between the two materials 
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(Ciobanu et al., 2013). Subsequent studies overseas have tested the applicability of low-U 
hematite to LA-ICP-MS U-Pb geochronology within other minerals systems (e.g., young gold-
porphyries; Zhou et al., 2017). Calibration strategies involved line rastering across grains, 
minimising matrix sensitivity and down-hole fractionation, however, uncertainties of acquired 
206Pb/238U weighted average dates were typically high (~10 %). All previous studies 
nevertheless provide geologically meaningful data within a given context. The accuracy of data 
cannot, however, be comprehensively assessed and corrected without matrix-matched 
reference materials. 
Identifying natural hematite suitable as a U-Pb reference material, as with any other mineral, 
is not a trivial process. The search was compounded by the fact that high-U hematite has been 
reported solely from Olympic Dam, where grain sizes are generally too small to yield sufficient 
material to support multiple bulk chemical analyses, while retaining enough material for 
extensive calibration of unknowns and distribution to the wider community. Therefore, 
development of synthetic reference materials is required, however, synthesis of U/Pb reference 
materials is generally not perused, due to either exclusion of dopants during crystal growth 
(e.g. exceptionally low partition coefficient of Pb in zircon), or to a difficulty in homogeneously 
distributing U-Pb isotopes within synthetic crystals (e.g. Nasdala et al., 2018). 
An alternative to microbeam dating methods is ‘standardless’ bulk chemical techniques, 
such as isotope dilution – thermal ionisation mass spectrometry (ID-TIMS), capable of 
generating <0.2 % analytical precision (U/Pb), compared to >2 % uncertainties for LA-ICP-
MS (Schoene et al., 2016). However, ID-TIMS is far more time consuming, costly and requires 
sample volumes that are many orders of magnitude greater than for in-situ analyses (e.g., LA-
ICP-MS), thus significantly increasing the potential for U/Pb heterogeneity at the grain-scale 
(Schaltegger et al., 2015). 
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Accurately constraining the timing of mineralisation requires dateable minerals to form 
coeval with ore minerals, however linking formation of the two is not always clear-cut. Long-
lived or protracted hydrothermal events will inherently dissolve and re-precipitate minerals 
(e.g., uraninite from Olympic Dam; Macmillan et al., 2016a, b), resetting isotopic systems 
and/or incorporating common-Pb (e.g., apatite; Chew et al., 2011), while dateable minerals 
may be absent altogether. Iron-oxides are key minerals for tracking hydrothermal activity 
associated with BIF and IOCG deposits, because they are the dominant ore- and gangue-
minerals, and hence pivotal for understanding deposit evolution. Although Fe-oxides formed 
during BIF deposition will not represent the timing of ore formation, Fe-oxides can fingerprint 
upgrading to Fe-ores by superimposed events, allowing dating if U is introduced to the system 
at a particular stage (Keyser et al., 2019). Within IOCG systems sensu-stricto, pervasive 
metasomatism of host-rocks or earlier alteration-products can form hematite pseudomorphs, 
facilitating study of the onset and evolution of a hydrothermal system. At Olympic Dam, Fe-
metasomatism can be traced from the deposit edges, to the deposit centre, where constituent 
breccias gradationally increase in intensity of alteration, brecciation and Fe-content (Ehrig et 
al., 2012; Mauger et al., 2016; Kontonikas-Charos et al., 2017). Although relationships between 
hematite and Cu-minerals are rarely explicit at Olympic Dam, Cu–(Fe)-sulphides infill 
hematite breccias, hematite forms overgrowths on Cu-sulphides, and commonly contains 
inclusions of Cu-(Fe)-sulphides, suggesting that Fe-metasomatism and Cu-mineralisation were 
synchronous (Ciobanu et al., 2013). Although highly contested, the source of IOCG 
mineralising fluids has, in part, been attributed to hydrothermal fluids origination from Hiltaba 
Suite granitoids across the province, through a combination of studies applying geochemical 
modelling, isotopic fingerprinting, geochronology and mineralogical observations (e.g., 
Kirchenbaur et al., 2016; Schlegel et al., 2017; Courtney-Davies et al., 2019b; Dmitrijeva et 
al., 2019). 
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The application and significance of hematite geochronology in IOCG systems is founded 
on its utility as a proxy for Cu-(U)-Au mineralisation, the high lattice-bound concentrations of 
U (and Pb), and its ubiquity throughout Olympic Dam and adjacent satellite prospects (e.g., 
Acropolis, Wirrda Well; Courtney-Davies et al., 2019c). Hematite geochronology thus 
represents a game-changer for constraining geochronological frameworks within such deposits, 
where accurate and high-precision measurements of ore-forming events are either lacking or 
poorly defined. This is in contrast to other magmatic-hydrothermal ore deposit classes, notably 
porphyry Cu deposits, in which discrete ore-forming events spanning <100 ka are routinely 
constrained (e.g., Li et al., 2018). 
This thesis aims to address key geochronological questions regarding the formation of the 
Olympic Dam deposit using a multi-mineral geochronological and geochemical approach. 
Outstanding research gaps, relevant to both Olympic Dam and the wider Cu-Au province 
include: (i) constraining the timing between the magmatic and onset of the hydrothermal 
systems; (ii) the lifespan of mineralising event(s); and (iii) the age of conspicuous Fe-rich 
protoliths within the deposit. Development of hematite U-Pb reference material unlocks the 
potential to routinely date all iron-oxide-bearing ore deposits, including U-bearing BIF, which, 
along with IOCG, have proven notoriously challenging types of deposit to confidently and 
unambiguously date until now. 
1.1. Research objectives and thesis structure 
This thesis is a contribution to the research project, ‘Trace elements in iron-oxides: 
deportment, distribution and application in ore genesis, geochronology, exploration and 
mineral processing’. One broad objective of this overarching project was to ascertain the 
formation and evolution of IOCG systems in South Australia using both iron-oxide and 
accessory mineral geochronology, focusing on the development of hematite geochronology 
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and fabrication of hematite reference materials in order to streamline IOCG and related iron-
oxide bearing mineral system geochronology in the future. The datasets and interpretation 
generated during the course of this study expand upon the current knowledge of IOCG system 
formation, in turn contributing to a better understanding of regional-scale processes that impact 
on the Gawler Craton. Nano-scale studies of zircon have shed new light on early, metasomatic 
processes leading to large magmatic-hydrothermal ore systems, whereby the features imaged 
can assist in the development of exploration models for ‘fertile’ granitic intrusions. The 
successful synthesis and appraisal of a homogeneous matrix-matched, hematite reference 
material, presented in this thesis, will facilitate widespread, reliable hematite dating. 
This main body of this thesis comprises eight chapters (Chapters 2-9), each of which is 
either published, submitted for peer review, or written as a standalone chapter in the form of a 
manuscript for future submission. Each chapter represents a publication to be read 
independently, in which the individual samples and analytical methodologies are explained in 
detail, or are provided in the appendices compiled as Chapter 11. 
Chapter 2 (Courtney-Davies et al., 2016) takes an exploratory look at an analytical method 
which may circumvent the necessity for matrix-matched hematite reference materials. This 
involved simultaneous mixing between a U–Pb solution of independently measured 
composition, and ablated, pure synthetic hematite within a nebuliser chamber, subsequently 
introduced to an ICP-MS. The mixture of these components formed the basis of a ‘standard’ 
analyses. One advantage of this method was the capability to adjust U/Pb values of ‘standard’ 
analyses to that of the unknown, particularly significant for low-U BIF samples. Despite the 
benefits of the method, downhole fractionation quantification and correction remained 
unconstrained, and is dealt with further in the following chapter. Recommendations for future 
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studies (e.g. application of line rasters for low U-hematite), was subsequently implemented by 
Zhou et al. (2017). 
Chapter 3 (Courtney-Davies et al., 2019a) presents a large body of zoned hematite 
geochronological data, acquired via LA-ICP-MS, sensitive high-resolution ion microprobe and 
ID-TIMS, highlighting a new method for hematite dissolution and bulk chemical analysis. The 
U-Pb systematics of compositionally and morphologically distinct samples from Olympic Dam 
are assessed, and their suitability to the different dating methods evaluated. Through 
pinpointing of U/Pb homogeneous grain domains via LA-ICP-MS isotope mapping, coupled 
with a new in-situ laser ablation grain extraction technique, we demonstrate that up to ~ 0.1 % 
ID-TIMS precision is achievable, and that in some cases, hematite can retain a near-closed U-
Pb system over ~1.6 Ga. The accuracy of acquired microbeam data when compared to ID-
TIMS data (all within ~2 %), signals the suitability of hematite to all dating methods, however, 
data-features such as non-zero age Pb loss, reverse discordance and common Pb are recognised, 
and treatment strategies for such data are explored and advised. 
Subsequent to refinement of hematite dating techniques, Chapter 4 (Courtney-Davies et al., 
in review, a) draws upon a high-precision dataset obtained from several locations throughout 
the Olympic Dam breccia complex, coupled with chemical abrasion-ID-TIMS zircon dates 
from the deposits host granite, and volcanic breccias. For the first time, a confident temporal 
‘window’ between the magmatic (1593.28 ± 0.28 Ma) and hydrothermal (1591.27 ± 0.89 Ma) 
systems is defined. Integrating zircon and hematite ages underpins a model involving a single, 
major mineralising event, hinting at a temporal evolution of zoned hematite within distinct 
locations and lithologies, ~1 Ma after granite emplacement. Data is presented in the context of 
generic crustal continuum models for IOCG formation, refuting earlier models of shallow 
maar-diatreme formation (e.g. Reeve et al., 1990), based upon irreconcilable differences 
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between the deep emplacement of host granite (Kontonikas-Charos et al., 2017), and timeframe 
between the magmatic, and activation of the hydrothermal systems.  
Discovery of granitophile element-rich zoned hematite outside of Olympic Dam, provides 
a single, traceable mineral which can be used to compare IOCG genesis in terms of age and 
hydrothermal fluid signatures at the district scale. In Chapter 5 (Courtney-Davies et al., 
2019c), the Wirrda Well and Acropolis prospects are addressed with respect to Fe-oxide 
mineralogy and geochronology. The two prospects are distinct from one another, and from 
Olympic Dam, in terms of host lithologies, iron-oxide mineral associations, intensity of 
brecciation and grade of Cu-(U)-Au mineralisation. Textures and compositions of zoned 
hematite vary significantly between the three IOCG systems with different relationships 
between earlier generations of titaniferous or silician magnetite. A common U-Pb LA-ICP-MS 
age of ~1590 Ma is nevertheless obtained from both prospects, indistinguishable from zoned 
hematite at Olympic Dam. The hematite U-Pb mineral geochronometer is demonstrated to be 
radio-isotopically reliable within both magnetite- and hematite-dominant IOCG systems 
displaying different stages of evolution, and further relates formation of the Olympic Cu-Au 
province to a common fluid source and ore forming event.  
Chapter 6 (Courtney-Davies et al., in review, b) switches attention to magnetite, in this 
case, a conspicuous coarse-grained generation, characterised by high U-content, siliceous 
chemistry and zoning textures, that is found within drillholes intersecting the early, deep ‘outer 
shell’ at Olympic Dam. Dating of this magnetite generation via LA-ICP-MS using both zircon 
reference materials and the ‘mixed U-Pb solution standard’ method during separate analytical 
session generated reproducible dates at ~1760 Ma, the first documented occurrence of a pre-
1.6 Ga protolith within the deposit. This older, Fe-rich crustal material is likely sourced from 
the ~1.76-1.74 Ga (meta)sedimentary Wallaroo Group, host to Fe-rich horizons across the 
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Gawler Craton. A generation of granitoid rocks, which intruded bedrock at ~1750 Ma are 
present ~30 km NE of Olympic Dam, and likely exsolved hydrothermal fluids, enriching pre-
existing magnetite-bearing protoliths in U. Such material was mechanically incorporated into 
the ‘outer shell’ at Olympic Dam some ~150 Ma later, during granite uplift along faults. The 
coincidence between Fe-rich horizons/BIF and ~1750 Ma granitoids may have provided 
Olympic Dam with an additional source of both Fe and U and additionally gives a new genetic 
link between BIF-type lithologies and IOCG mineralisation in the region. 
A multi-mineral approach is required to fingerprint the genesis of ore deposits at different 
stages of evolution. Chapter 7 (Courtney-Davies et al., 2019b) details trace element chemistry 
and micro- to nano- scale features of magmatic zircon within both mineralised and 
unmineralised granitoids from the Olympic Cu-Au Province and adjacent Eyre Peninsula. 
Electron probe microanalysis, LA-ICP-MS, high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) imaging, and energy-dispersive X-ray 
spectrometry STEM mapping/spot analysis were combined to identify and classify 
superimposed textures and chemistries, formed during early Fe-Cl-metasomatism, immediately 
prior to ore deposition. A major finding of this research was the observation of crystal zones 
within zircon that are enriched in non-formulae elements, notably Fe and Cl, and host to 
chloro–hydroxy–zircon nanoprecipitates. These features are interpreted as a direct record of 
fluid interaction during the magmatic-hydrothermal transition shortly after granite 
emplacement and well prior to alteration mediated by alpha-decay damage. Such features 
markedly increase in abundance in zircons from granites hosting IOCG deposits and prospects, 
and thus represent a new, potentially valuable pathfinder for the location of fertile granites 
hosting IOCG mineralisation. 
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In order to accurately date iron-oxides routinely via microbeam methods, suitable matrix-
matched reference materials are required. Chapter 8 (Courtney-Davies et al., 2019d) presents 
a novel method for fabrication of U-Pb doped synthetic hematite. Hydrated ferric oxide 
absorbed U and Pb nitrates from a doped solution, which was followed by drying and heating 
to the material to 700 °C, converting doped hydrated ferric oxide to ‘chips’ of α-Fe2O3, as 
confirmed by X-ray powder diffraction. Consistent concentrations and ratios of U/Pb were 
measured inter- and intra-chip by LA-ICP-MS spot analysis and isotope mapping. The material 
represents a potential reference material for hematite U-Pb geochronology but still required 
high-precision U-Pb analysis. 
Following on from the successful fabrication, an appraisal and implementation of the 
potential synthetic hematite U-Pb reference material is presented in Chapter 9. Four chips 
were micro-sampled for ID-TIMS analysis via laser ablation-extraction, returning high-
precision, reproducible data across all chips. Averaged reference values measured by ID-TIMS 
for 206Pb/238U, 207Pb/235U and 207Pb/206Pb were assigned to the reference material within data 
reduction software packages. LA-ICP-MS spot analyses were collected adjacent to Olympic 
Dam zoned hematite grain domains, independently dated by ID-TIMS, providing a baseline to 
assess data accuracy between microbeam data calibrated using zircon and hematite reference 
material. In all cases, the hematite reference material calibrated data generates marginally more 
accurate 207Pb/206Pb dates when compared to zircon. Hematite reference material calibrated 
data plotted on a Wetherill diagram is however considerably more concordant, accurate and 
higher precision (upper intercept) than zircon-calibrated analyses. This is noteworthy, as 
intercepts are often the most suitable form of date used in hematite geochronology, particularly 
for samples of BIF derivation, where Pb loss and common Pb-components can be substantial, 
and concentrations of U are typically low. 
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A summary of the key findings and implications of this research are provided in Chapter 
10. This chapter also identifies a number of open questions and areas for potential future 
investigation. Additional material, including supplementary materials associated with 
Chapters 2-9, co-authored publications and conference contributions are compiled in Chapter 
11. A complete reference list for all chapters is provided in Chapter 12.  
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Establishing robust timescales for iron-oxide copper gold (IOCG) deposit formation and the 
temporal relationships between ores and the magmatic rocks from which hydrothermal, metal-
rich fluids are sourced, is often reliant on low-precision data and assumptions, particularly for 
deposits that formed during the Precambrian. Unlike accessory minerals routinely used to track 
hydrothermal mineralization, iron-oxides are dominant components of IOCG systems and are 
therefore pivotal to understand deposit evolution. The presence of ubiquitous, magmatic-
hydrothermal U-(Pb)-W-Sn-Mo-bearing zoned hematite resolves a range of geochronological 
issues concerning formation of the ~1.6 Ga Olympic Dam IOCG deposit, South Australia, at 
up to ~0.05% precision (207Pb/206Pb weighted mean; 2σ) using isotope dilution-thermal 
ionization mass spectrometry (ID-TIMS). Coupled with chemical abrasion-ID-TIMS zircon 
dates from host granite and volcanic rocks within and enclosing the orebody, a confident 
magmatic-hydrothermal chronology is defined. The youngest obtained zircon date from the 
granite intrusion hosting Olympic Dam indicate magmatism was occurring up until 1593.28 ± 
0.26 Ma. The orebody was principally formed during major mineralizing event following 
granite uplift and during cupola collapse, whereby the hematite with the oldest age is recorded 
in the ‘outer shell’ of the deposit at 1591.27 ± 0.89 Ma, ~2 Ma later than the youngest 
documented magmatic zircon. Hematite dates captured throughout major lithologies, different 
orezones, and throughout the ~2 km vertical extent of the deposit support hydrothermal activity 
for ~2 Ma. New age constraints on the spatial-temporal evolution of the formation of Olympic 
Dam are considered with respect to a mantle to crustal continuum model. 
 
 





Constraining the onset and lifespan of mineralizing events is critical for understanding the 
genesis of ore deposits, and for the development of prospecting strategies within metallogenic 
provinces. However, identifying cases where mineralization can be accurately dated and 
bracketed by causative intrusions or events can prove challenging. The duration and periodicity 
of intrusion-related mineralization events are commonly controlled by the tectono-magmatic 
settings in which they occur. Timescales required for such processes have been proposed to 
range from near instantaneous (Weatherley and Henley, 2013) to millions of years (Sillitoe and 
Mortenson, 2010). Advances in radioisotopic dating techniques, notably chemical abrasion-
isotope dilution-(negative)-thermal ionization mass spectrometry CA-ID-TIMS and ID-N-
TIMS, has permitted routine high-precision dating of discrete magmatic pulses and 
hydrothermal phases, proving invaluable for dating deposits formed in Phanerozoic volcanic 
arcs on subduction or collision zones (Chiaradia et al., 2013, and references therein). For 
example, the combination of U-Pb zircon and Re-Os molybdenite data has enabled 
mineralizing intervals to be temporally resolved at both high analytical precision and spatial 
resolution, in the range of tens of thousands of years to a few millions of years for porphyry 
systems, where distinct ore-causative intrusions and alteration-mineralization stages can be 
bracketed by crosscutting vein networks (e.g., von Quadt et al., 2011; Chiaradia et al., 2014; 
Zimmerman et al., 2014; Li et al., 2017). 
Difficulties occur when dating Precambrian deposits due to increasingly larger absolute 
uncertainties with increasing absolute ages. Such uncertainties may conceal discrete 
mineralizing events, or overestimate the duration of individual events. Furthermore, minerals 
which can confidently record a mineralization date relative to magmatic activity are often 
elusive, either due to modification of primary isotope systematics, or simply because they do 
not form at the conditions of mineralization. Development of the hematite U-Pb mineral 




geochronometer has allowed direct dating of ores derived from iron-oxide copper gold (IOCG), 
porphyry-related Au, unconformity-related and banded iron formation deposits (Ciobanu et al., 
2013; Courtney-Davies et al., 2016; 2019a, b; Zhou et al., 2017; Walter et al., 2018; Keyser et 
al., 2019). Such a tool is significant due to the conspicuous lack of dateable crosscutting 
features within breccia-hosted IOCG systems. 
The archetypal example of an IOCG system sensu stricto is the Mesoproterozoic Olympic 
Dam deposit, South Australia (Ehrig et al., 2012), containing a total resource of 10,892 Mt at 
0.73% Cu, 0.24 kg/t U3O8, 0.31 g/t Au and 1.2 g/t Ag (BHP, 2019). Located within one of the 
richest Precambrian metallogenic provinces on Earth, Olympic Dam hosts U-bearing, 
oscillatory-zoned hematite as a ubiquitous component of ores throughout the 6 km-strike and 
2 km-depth of the deposit (Verdugo-Ihl et al., 2017). Moreover, U-bearing hematite is found 
within all major lithologies, including weakly mineralized granite forming the ‘outer shell’ of 
the deposit (Verdugo-Ihl et al., 2020). 
The presence of an abundant U-(Pb)-bearing phase, that can be demonstrated to be 
radioisotopically robust throughout the deposit (Courtney-Davies et al., 2019a), makes 
Olympic Dam particularly well suited for temporally constraining the magmatic-hydrothermal 
window (the relative ages of the two systems), by integrating hydrothermal hematite and 
magmatic zircon (CA-)ID-TIMS U-Pb geochronology.  
Data presented below are interpreted with respect to the evolving genetic model for the deposit. 
Early concepts involving shallow granite emplacement with diatreme-maar development 
(Reeve et al., 1990; Haynes et al., 1995; Johnson and Cross, 1995) have been superseded by 
deep granite crystallization (Kontonikas-Charos et al., 2017), whereby hydrothermal fluids 
accumulate and form ores during uplift, brecciation and cupola collapse of the host granite 
(Verdugo-Ihl et al., 2020). The absolute and inferred timing of such processes are investigated.  





The eastern Gawler Craton hosts the Mesoproterozoic Olympic Cu-Au Province (Skirrow et 
al., 2007; Reid, 2019), a metallogenic belt which strikes roughly N-S for 700 km and 
encompasses several dozen IOCG-style deposits and prospects (Fig. 1). At the center of the 
province (the Olympic Dam district), the geology is concealed under thick Neoproterozoic 
cover and includes a sequence of gneissic rocks (the Mulgathing Metamorphic Complex, ~3.2 
Ga), intruded by Donington Suite granitoids (~1.85 Ga), all unconformably overlain by 
metavolcanic-sedimentary rocks of the Wallaroo Group (~1.75 Ga; Fig. 1). Breakup of the 
Columbia/Nuna supercontinent triggered a craton-scale tectono-magmatic event at ~1.6 Ga, 
forming the >25,000 km2 (Blissett et al., 1993) Gawler Silicic Large Igneous Province (SLIP; 
Allen et al., 2008). The SLIP is composed of the intrusive/extrusive Gawler Range Volcanics 
(GRV) and comagmatic Hiltaba Suite granitoids. Although highly debated, the source of IOCG 
mineralizing fluids has been largely attributed to Hiltaba Suite granitoids across the province 
through a combination of studies applying geochemical modelling, geochronology and 
mineralogical observations (e.g., Kirchenbaur et al., 2016; Schlegel et al., 2017; Courtney-
Davies et al., 2019c; Dmitrijeva et al., 2019). 
The Olympic Dam deposit is entirely contained within the Olympic Dam breccia complex 
(ODBC; Reeve et al., 1990). Breccias are hosted and largely derived from the Roxby Downs 
Granite (RDG), an evolved Hiltaba Suite pluton of the Burgoyne Batholith (Fig. 2). 
Emplacement of the RDG occurred at depths of 6-8 km (plagioclase-amphibole 
thermobarometry; Kontonikas-Charos et al., 2017), with equivalent estimates obtained for a 
quartz monzonite of the Burgoyne Batholith distal from Olympic Dam (Creaser 1996). A 
temporal range in Hiltaba Suite plutons (up to ~30 Ma) has been reported across the Gawler 
Craton (Fanning et al., 2007) Five samples of ‘shallow’ (<681 m) RDG from three drillholes 
~2 km south of the ODBC were previously dated, by zircon CA-ID-TIMS (Boise State 




University; Cherry et al., 2018), yielding a pooled weighted mean of 1593.03 ± 0.21 Ma (n=36, 
MSWD=1.08), suggesting the RDG was not emplaced incrementally. 
Several issues of debate remain concerning formation of the ODBC and, implicitly, the 
contained mineralization. Concentric zoning of sulfides (deeper, outer chalcopyrite-pyrite, to 
bornite-chalcopyrite and shallow, inner bornite-chalcocite; Fig. 3), relative to a ‘barren’, high-
Fe breccia center suggest fluids were supplied from a central diatreme (Reeve et al., 1990). 
However, this model was redefined with the discovery of mineralization across a ~2 km-thick 
interval in the deposits southeastern-lobe (Fig. 3; Ehrig et al., 2012). This suggests there could 
have been deeper centers offset to the zoning, or alternatively, that the concentric ore 
distribution results from superposition of primary (upwards zonation preserves high-T species 
in Cu-(Fe)-sulfides; Ciobanu et al., 2017) and secondary (replacement) processes.  
Defining a temporal timeframe for the deposit is complicated by the extensive, multistage 
brecciation within a voluminous and heterogeneous breccia complex (Reeve et al., 1990; 6 × 8 
km in plan; Oreskes and Einaudi, 1990; and at least ~1.9 km in vertical extent, Ehrig et al., 
2012), which underwent pervasive, hematite-sericite alteration (Ehrig et al., 2012). The deposit 
also straddles intersections between regional fault zones (Hayward and Skirrow, 2010), where 
long-lived reactivated faults have dismembered large segments of the orebody (Clark et al., 
2018). High-precision dating of magmatic zircon distal to the orebody (drillhole RD2488; Fig. 
2A) provides a maximum age constraint for hydrothermal activity. Historically, a major, broad 
mineralizing event occurring at ~1.6 Ga has been recognized at Olympic Dam using a variety 
of minerals and dating techniques (Reeve et al., 1990; Creaser and Cooper, 1993; Johnson and 
Cross, 1995). 
There is now a growing body of laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS) U-Pb data, which broadly constrains the hydrothermal system to 
~1590 Ma. Hematite dates were first acquired by Ciobanu et al. (2013) and corroborated by 




samples from different areas of the deposit generating comparable data (Courtney-Davies et 
al., 2016; Apukhtina et al., 2017). Additional constraints at ~1590 Ma were obtained from 
fluorapatite and uraninite in altered RDG and from volcanic rocks outside the orebody, 
respectively (Apukhtina et al., 2017). Irrespective of the accuracy of LA-ICP-MS methods 
used, data produced thus far support hydrothermal activity commencing broadly coeval with 
RDG crystallization as determined via ID-TIMS, with analytical uncertainties of ~5 to 25 Ma 
for individual dates.  
Primary, oscillatory-zoned, U-(Pb)-W-Sn-Mo-bearing hematite is present throughout all ore 
zones and all major lithologies at Olympic Dam (Verdugo-Ihl et al., 2017). The majority of 
hematite in the orebody occurs either as replacements or as overprinted variants of the zoned-
type via coupled-dissolution-(re)precipitation-reactions, which can allow partial preservation 
of pre-existing trace element signatures (Verdugo-Ihl et al., 2017). 
There is an intimate association between Fe-metasomatism and Cu mineralization, 
displayed by the outline of the Cu resource mirroring the >5 wt% Fe boundary within the 
breccia complex (Fig. 2; Ehrig et al., 2012). The ubiquitous presence of U-bearing zoned 
hematite and the secondary hematite textures, which can be tied to replacement of the primary 
zoned type (Verdugo-Ihl et al., 2017, 2020), clearly indicate that U was an integral component 
of the magmatic-hydrothermal IOCG system. Therefore, high-precision dating of primary, 
zoned hematite from the aforementioned lithologies and ore zones, may provide a temporal 
framework for the hydrothermal system. 





Figure 1: (A) Map of South Australia overlain by the outline of the Gawler Craton, with the location 
of the Olympic Dam district boxed, and enlarged displaying a geological map of the region (right). 
The location of selected IOCG systems and major faults are marked. (B) Generalized diagram 
depicting relationships between the different country rocks and IOCG host lithologies within the 
Olympic Dam district. 




4.3 Rationale and Samples 
Although there is widespread evidence for multiple tectonothermal events impacting on 
Olympic Dam, likely contributing to cycles of U and Cu remobilization and new mineral 
growth (e.g., 820 Ma dike swarms; Huang et al., 2015), this does not necessarily imply 
multiple, major episodes of metal introduction. Previous studies of U, Pb and Sm isotopes have 
suggested that post ~1590 Ma events contributed to and upgraded the large U resource within 
the deposit (e.g., Trueman et al., 1988; Johnson, 1993, Meffre et al., 2010; Maas et al., 2011; 
Kirchenbaur et al., 2016; Cherry et al., 2017). At present, however, there are no 
geochronological constraints to confirm or refute this. 
 
Figure 2: (A) Sketch of the Olympic Dam deposit including major lithologies and sampled/discussed 
drillholes and drillhole projections. (B) Expanded map of the SE-lobe, marking the cross-section A-
B shown in Fig. 3. 




The absence of evidence for extensive mineralizing events post-1590 Ma, prompted this 
study to define and refine the timing and extent of the major, initial ore-forming event, using a 
single mineral with a traceable geochemical signature. Spanning all ore-zones and major 
lithologies, zoned hematite from the deposit center to ‘outer shell’ (nine samples) was selected 
for ID-TIMS dating (no chemical abrasion; Fig. 2A, B; Table 1). To provide further constraints 
on the maximum timing of mineralization from samples spatially associated with zoned 
hematite, volcanic zircons within the breccia complex and magmatic zircon located within ~50 
m of sampled hematite were dated by CA-ID-TIMS (Fig. 3; Table 1).  
 
Figure 3: (A) Cross-section (A to B; marked of Fig. 2) through the SE-lobe, with lithologies, drillholes, 
sample locations and orezones marked. (B) Photographs of sampled bedded packages (left) and RDG 
(right). Abbreviations: Py-Cp: pyrite-chalcopyrite; Cp-Bn: chalcopyrite-bornite; Bn-Cc: bornite-
chalcocite. 





Figure 4: (A-F) Representative coarse scale photomicrographs of zoned hematite bearing samples (left) 
and magnified BSE images (right) of dated zoned hematite grains. (B) The white arrow and line 
marks the corroded grain boundary, populated by a dense field of uraninite inclusions. (G) Isotopic 
LA-ICP-MS maps of a zoned hematite grain in sample CLC10, displaying strong zonation in both 
U and Th (scale: n·105). Abbreviations: Bn-bornite; Cp-chalcopyrite; Hm-hematite. 




We assess whether hematite can capture discrete ore-forming stages from geochemically 
diverse locations across the deposit. For example, zoned hematite contains distinct signatures 
with respect to HFSE (e.g., Ti, Th) in specimens from the deposits ‘outer shell’, but not in the 
orebody (Verdugo-Ihl et al., 2020; Fig. 4). Such a signature is indicative of an early 
hydrothermal origin since these elements are attributable to the magmatic stage. Changes in 
the REE signatures of fluorapatite (Krneta et al., 2017, 2018) and previous dating of a younger 
hematite in high-grade bornite ores (Ciobanu et al., 2013; Fig. 4A, B) suggest protracted fluid 
introduction, which may be reflected in high-precision dating. Packages of bedded, hematite 
and quartz are present at depth (up to ~1.6 km) can be used to constrain a geodynamic model 
for the deposit, whereby the timing of their introduction into the ODBC can be understood 
through dating of in-situ hydrothermal hematite (Fig. 3 and Fig. 4C, D). More broadly, the 
resolution at which Proterozoic IOCG ore deposits can be accurately dated is examined. 
4.4 Methodology 
One-inch diameter polished blocks were prepared from drill cores. Zoned hematite grains 
were identified by scanning electron microscopy (SEM) using an FEI Quanta 450 equipped 
with a back-scattered electron (BSE) detector and an energy-dispersive X-ray spectrometer at 
Adelaide Microscopy, The University of Adelaide. 
Hematite dating was conducted at the Natural Environment Research Council, Isotope 
Geoscience Laboratory, British Geological Survey (BGS). Full details of the in-situ grain 
extraction method, extensive hematite ID-TIMS methodology and assessment of hematite U-
Pb isotope systematics can be found in Appendix A and Courtney-Davies et al. (2019a). 
Hematite fractions were spiked with the NIGL-2 tracer solution. Zircon separated from core 
samples were selected for CA-ID-TIMS at both the BGS and the Isotope Geology Laboratory, 
Boise State University. Grains were imaged at Boise in cathodoluminescence (CL) mode using 
a scanning electron microscope. Analyses were composed of single zircon grains or grain 




fragments, using a method modified after Mattinson (2005). All zircon analyzed at the BGS 
was spiked with the ET235 tracer solution, while zircon at Boise was spiked with either BSU1B 
or ET2535 (Table A1). Broader laboratory and analytical details for hematite and zircon CA-
ID-TIMS can be found in Appendix A. 
All hematite and zircon U-Pb data are presented at the 2σ level and reduced using the U 
decay constants recommended by Jaffey et al. (1971), with a preferred 238U/235U value of 
137.8185 ± 0.045 (2σ; Heiss et al., 2012). This value was selected due to its close comparability 
with direct U isotope studies of Olympic Dam, where a value of 137.801 was obtained from 
whole rock samples (Kirchenbaur et al., 2016). It should be noted that previous studies dating 
the RDG (Cherry et al., 2018) and Olympic Dam hematite (Courtney-Davies et al., 2019a), 
used a 238U/235U value of 137.88 (Steiger and Jäger, 1977), therefore, when age data from 
previously published studies is cited, it has been modified using the same 238U/235U value 
applied in this study. Isotope measurements were processed using the ‘TRIPOLI’ software 
package (Bowring et al., 2011). Data reduction, error propagation and date calculations were 
generated using the excel spreadsheet of Schmitz and Schoene (2007) for hematite and zircon 
at Boise, ET REDUX was used for zircon at the BGS. Concordia and weighted average 
diagrams were constructed using the Excel add-in ‘ISOPLOT 3.75’ (Ludwig, 2012). Only 
analytical uncertainties are presented, uncertainties arising from the 238U/235U value 
uncertainty, different tracer solution systematics, comparing hematite to zircon and data 
reduction methods are not included due to the negligible additional uncertainty and low relative 
uncertainty compared to the decay constant uncertainty for a sample of ~1.6 Ga (207Pb/206Pb 
uncertainty is ~5.6 Ma).  
Isotope maps of hematite were acquired using a RESOlution-LR 193 nm ArF excimer laser 
microprobe (Australian Scientific Instruments) coupled to an Agilent 7900cx quadrupole ICP-
MS. The maps, scaled in counts-per-second (cps), were compiled and processed into 2-D 




images displaying the combined background-subtracted intensities using ‘IOLITE’ (Paton et 
al., 2011; see Verdugo-Ihl et al., 2017 for further details). 
4.5 Results: Petrography and Geochronology 
Sample locations, drillhole ID’s and depths relative to sea-level (RL) are summarized in 
Table 1 and displayed in Fig. 2 and 3, with corresponding geochronological data (isotopic 
ratios, dates and U-Th-Pb contents) provided in Tables A1 to A2.  
4.5.1 Zircon 
Concordia diagrams and weighted average dates for zircon are presented in Fig. 5. 
Cathodoluminescence images of whole and fragmented magmatic RDG zircon highlight 
typical magmatic oscillatory zonation patterns (Fig. 5A; sample LCD12). These are invariably 
crosscut by swelling cracks induced by time and actinide-dependent metamictization. Grains 
average ~150 μm in length, smaller than zircon found within the ODBC (Ciobanu et al., 2013). 
Extended CL images are displayed in Fig. A1. 
4.5.1.1 Gawler Range Volcanics  
Polymictic volcanic clast-rich breccia in a fine-grained matrix was sampled from the SE-
lobe of the deposit (604 m), interpreted as belonging to the GRV (sample LCD30A; Fig. 3; Fig. 
A2). One large porphyritic clast was isolated from the breccia and crushed, with eight separated 
zircons analyzed at the BGS (Fig. 5B). Analyses are largely concordant (apart from one highly 
discordant datapoint) defining a zero-age lower and upper intercept at 1594.55 ± 0.8 Ma, in 
good agreement with the 207Pb/206Pb weighted average (1594.63 ± 0.71 Ma; n=8, 
MSWD=0.77). 
 





Figure 5: Representative CL images of RDG zircon (sample LCD12). Grains are fragmented due to 
the separation process and are invariably metamict and overprinted. (B-F) Wetherill concordia 
diagrams (CA-ID-TIMS) for GRV zircon (B) and RDG zircon (C-F). Intercept and weighted average 
(207Pb/206Pb) dates are provided on the diagrams if obtainable. 
4.5.1.2 Roxby Downs Granite 
Granite hand specimens display macroscopic alteration at varying degrees but retain 
granitoid textures and some relict magmatic minerals (Fig. 3B; see Kontonikas-Charos et al., 




2017 for further detail). Zircon dated here underwent pervasive Fe-Cl-metasomatism shortly 
after crystallization, during initiation of the hydrothermal system at Olympic Dam (Courtney-
Davies et al., 2019c), possibly influencing the U-Pb data presented. 
Zircon separated from two samples of RDG from the same drillhole (samples LCD13 and 
LCD1; Fig. 3) were analyzed at the BGS (Fig. 5C, D). Six zircons were separated from the 
deeper sample (LCD13). The intercept date is poorly constrained due to concordance of the 
data. As with the previous sample, two 207Pb/206Pb populations can be extracted at 1595.9 ± 
1.10 Ma (n=2) and 1594.50 ± 1 Ma (n=4, MSWD=0.27). The two older grains, of likely 
antecrystic origin are plotted in yellow (Fig. 5C). 
From the shallower sample (LCD1), six zircons with varying degrees of Pb loss define a 
lower intercept at 546 Ma (Delamerian orogeny), and upper intercept at 1595.97 ± 0.94 Ma. 
(Fig. 5D). 
Two populations can be extracted in 207Pb/206Pb space at 1595.10 ± 1.10 Ma (n=2,) and 
1593.28 ± 0.26 Ma (n=4, MSWD=1.20), with the former likely representing antecrystic 
material, exerting influence on the upper intercept date 
Two further samples of RDG from the same drillhole (sampled within 40 m) were prepared 
for CA- ID-TIMS at Boise University (Fig. 5 E, F). Five grains were analyzed from sample 
LCD11 (using either ET2535 or BSUB1 tracer solutions, Table A2), with one grain broken 
into two fragments that were analyzed separately (fraction z4a, b). The poorly defined intercept 
line forms a date at 1594.2 ± 1.5 Ma (n=6, MSWD=4). Two dates from the broken grain yield 
a 207Pb/206Pb weighted mean of 1595.10 ± 1.10 Ma (MSWD=1.6; BSU1B tracer solution). This 
grain has much lower U and higher Th concentrations than the other grains, inferring a different 
fractionation history and potentially being antecrystic in origin (Table A2). The dates from the 




other four grains yield a weighted mean of 1593.28 ± 0.26 Ma (MSWD=1.2; ET2535 tracer 
solution).  
 
Figure 6: (A) Selection of BSE images showing zoned hematite grains which were micro-sampled for 
ID-TIMS. (B-H) Wetherill concordia diagrams for zoned hematite and corresponding intercept 
dates. Data marked Excl. is excluded from the intercept calculations due to low U or high common 
Pb. Small error ellipses are arrowed. (I) 207Pb/206Pb weighted average diagram for sample CLC10 
from the deposits outer shell. 




From sample LCD12, eleven grains spiked with BSU1B or ET2535 (Fig. 5F) generated 
poorly defined intercept dates with high degrees of Pb loss. This inhibits calculation of an 
acceptable weighted mean when including all data. When considering only the most precise 
datapoints which have not been (likely) leveraged by ancient Pb-loss or contaminated by 
antecrystic material, a 207Pb/206Pb date of 1593.06 ± 2.0 (n=2; ET2535 tracer solution) is 
defined. 
4.5.2 Hematite 
Concordia diagrams are presented in Fig. 6, with a selection of BSE images of grains micro-
sampled for ID-TIMS presented in Fig. 6A. Plots of 207Pb/206Pb age versus Th/U and 
206Pb/204Pb are used to discriminate data, defining the most reliable data with fewest inclusions 
and highest radiogenic versus common Pb at ~1590 Ma (Fig. 7). 
4.5.2.1 SE-lobe hematite-rich breccias 
The deepest zoned hematite was sampled at 1720 m (pyrite-chalcopyrite zone) from 
drillhole RD1988 (sample 7295BW). Seven aliquots obtained from four grains returned a zero-
age lower intercept and upper intercept at 1591.7 ± 2.5 Ma (MSWD=1.6) (Fig. 6B). Individual 
207Pb/206Pb dates range from 1606 to 1565 Ma precluding calculation of an acceptable weighted 
mean date.  
Hematite-rich breccias from two locations in drillhole RD2786A show a similar spread in 
data, with highly variable U concentrations, Pb loss, and common Pb components. Sample 
LCD 5 forms a zero-age lower and upper intercept at 1592.7 ± 2.2 Ma (n=5, MSWD=2.6) (Fig. 
6C). Removal of the highly discordant and common-Pb rich data points defines an upper 
intercept of 1588.8 ± 4.4 Ma (MSWD=0.95). Sample MV026, yields highly scattered analyses, 
with high common Pb and Th/U, returning an unconstrained lower intercept and upper intercept 




at 1583 ± 14 Ma (n=7, MSWD=63) (Fig. 6D). Individual 207Pb/206Pb dates taken alone can 
provide informative data, however the spread precludes confident weighted mean calculations. 
4.5.2.2 High-grade bornite ore 
Sample CLC201, from the NW-arm of the deposit, represents an example of high-grade Cu 
mineralization (Fig. 4A), with abundant bornite and minor chalcopyrite. Four aliquots were 
prepared from two zoned hematite grains, both displaying corrosion to grain margins with 
nucleation of uraninite inclusions in marginal domains (Fig. 4B). Three concordant to reversely 
discordant datapoints form an upper intercept at 1588.3 ± 1.6 Ma (MSWD=2.9; Fig. 6E), while 
the fourth is reversely discordant and shifted to the left of all other data. The anomalous 
datapoint contains similar Th/U to other analyses (0.020), but the lowest U concentration and 
highest common Pb. Individual 207Pb/206Pb dates yield low relative uncertainties, however a 
weighted average with an acceptable MSWD cannot be generated due to high scatter from 
~1589 to ~1584 Ma. 
4.5.2.3 Deep bedded lithologies 
Bedded, fine-grained rocks are found at depths of at least 1.7 km (pyrite-chalcopyrite zone). 
The sampled rocks occur as a 44 m-thick interval, composed of rhythmic bands of alternating 
hematite or quartz dominance. Zoned hematite is found along, but also crosscutting, bedding, 
i.e., along trails of sulfides, with oblique orientation to bedding. These packages were sampled 
in two locations one meter apart (LCD6 and MV027; Fig. 3B and 4G, H). Nine aliquots from 
four grains were prepared, with eight analyses forming a zero-age lower and upper intercept at 
1587.6 ± 5.4 Ma (MSWD= 0.42; Fig. 6F). All analyses are either discordant, or reversely 
discordant and individual 207Pb/206Pb dates spread from 1594 to 1581 Ma, precluding an 
acceptable weighted mean calculation. 
 




4.5.2.4 Volcanic and ‘barren’ deposit center breccias 
The volcanic (GRV) breccia (sample LCD35) is hematite-rich, with zoned grains up to 600 
μm in length (Fig. 6A). Hematite aliquots (5) sampled from two grains are characterized by 
very low U contents (mean 15 ppm), low 206Pb/204Pb and high Th/U. Despite this, with 
exclusion of one datapoint containing highest Th/U, a zero-age lower and upper intercept at 
1606 ± 14 Ma (MSWD=0.42) is obtainable (Fig. 6G). Hematite sampled from the deposit core 
(sample MV101) is not shown in Fig. 6 as an intercept cannot be formed from the scattered 
data. 
 
Figure 7: (A-B) Plots of 207Pb/206Pb (Ma) versus 206Pb/204Pb and Th/U, used to discriminate hematite 
data from different lithologies, in terms of its common Pb content (A), and presence of inclusions 
(B). The most geochronologically reliable data clusters at ~1.59 Ga, with 2σ uncertainty bars 
increasing and datapoints becoming more scattered when 206Pb/204Pb drops below ~1000 and Th/U 
exceeds 0.1. Presented data can be found in tables A1. 




4.5.2.5 ‘Outer shell’, northern deposit margin 
Zoned hematite grains are not pristine, with inclusion nucleation and porosity developing 
on grain boundaries, however the cores remain clean, and retain oscillatory zonation patterns. 
Compared to those within the orebody, grains are unusually rich in HFSE, particularly Ti and 
Th, of which the latter mirrors U within zonation patterns (Fig. 4G). Further petrographic and 
geochemical data for hematite in this sample and the ‘outer shell’ was given by Verdugo-Ihl et 
al. (2019). Data are collected from five aliquots (Fig. 6H), micro-sampled in the center of two 
grains shown in Fig. 4F, G. Uranium concentrations ranged from 527 to 135 ppm (average 331 
ppm), with high radiogenic versus common Pb components for each aliquot (average 
206Pb/204Pb= 8505; Fig. 7). Of the five aliquots, four are concordant and one is highly 
discordant. The 207Pb/206Pb values for each aliquot are within uncertainty of one another, with 
individual dates ranging from 1592.1 to 1590.6. Including all data, a confident 207Pb/206Pb 
weighted average of 1591.27 ± 0.89 Ma (n=5, MSWD=0.52) is generated (Fig. 6I).  
4.6 Discussion 
4.6.1 Formation of the Olympic Dam IOCG deposit: constraints on the 
magmatic-hydrothermal window 
Considering the new geochronological data in the context of generic crustal continuum 
models for IOCG formation (Groves et al., 2010), and reconstructions of lithospheric 
architecture for the eastern Gawler Craton (Skirrow et al., 2018), we suggest the following 
spatial-temporal evolution for formation of the Olympic Dam deposit (Fig. 8). Intracontinental 
extension during the Gawler SLIP event induced crustal thinning and emplacement of large, 
felsic bodies of magma such as the Burgoyne Batholith at upper crustal levels, below active 
GRV volcanoes (Fig. 8A). Bimodal magmatism is evident from mafic lava flows and 




dikes/sills, including olivine-phyric basalts and dikes intersected throughout the Olympic Dam 
district (Huang et al., 2016), thus supporting the hypothesis of deep-rooted magmatism derived 
from a heterogeneous mantle source (Wade et al., 2019). Central to magma fertility in the 
region is magma mingling at the sub continental lithospheric mantle/crustal boundary, for 
which evidence of such phenomena have been inferred by the presence of mafic enclaves in 
the RDG (Krneta et al., 2016; Kontonikas-Charos et al., 2017).  
 
Figure 8: Schematic diagrams illustrating the evolution of the Olympic Dam deposit from mantle to 
crust. (A) Generalized regional scale model for the Olympic Dam district at ~1.6 Ga from the upper 
mantle to surface. (B) Cross-section through the mid- to upper crust illustrating the timing of the 
magmatic-hydrothermal systems, with respect to RDG intrusion, uplift and cupola collapse at 
different depths. (C) Enlargement showing the collapsed granite cupola and Olympic Dam orebody. 
Mafic and felsic dikes intrude the RDG/ODBC, while volcanic activity ceases based on the GRV 
zircon ages presented. 
The ~2 Ma age difference between magmatic RDG zircon (1593.28 ± 0.23 Ma) and earliest 
hydrothermal hematite (1591.27 ± 0.89 Ma; Fig. 9) implies a scenario analogous to that 
invoked by stochastic models for large porphyry system formation (Chiaradia and Caricchi, 
2017). In such models, magma that accumulated in the lower to middle crust (~20 km) 




during an interval of ~2-3 Ma is transferred and degassed in the upper crust over timespans 
of up to 2 Ma. High-precision dating of most porphyry systems, however, indicates 
timespans of no more than 1 Ma between magmatic zircon and hydrothermal minerals (e.g. 
Chiaradia et al., 2013; Li et al., 2017). 
If we assume that the Olympic Dam mineralization is sourced from hydrothermal fluids 
exsolved from the RDG during ascent, the ~2 Ma age difference suggests that rates of 
exhumation/uplift must have been in the range of 1 to 2.5 mm/year. This allows for 
accumulation of fluids in a supercritical state (e.g., Candela, 1991; Candela and Blevin, 1995) 
and their release at shallower depths (2-4 km) via decompression of a partially crystallized 
granite mush. 
The plutons that form the Burgoyne Batholith (Creaser and Cooper, 1993) must have been 
fed by a deep undifferentiated magma reservoir lying at a crustal depth of ~20 km (Fig. 8B). 
Despite compositional differences among intrusive rocks of the Burgoyne Batholith, all 
individual granitic sub-suites and plutons dated so far yield zircon ages within uncertainty of 
one another (Creaser and Cooper, 1993; Jagodzinski, 2005). A first magmatic crystallization 
stage in RDG is recognized at a depth of ~6-8 km from feldspar+amphibole thermobarometry 
(Kontonikas-Charos et al., 2017). This stage and depth are constrained from zircon 
crystallization at ~1593.2 Ma. However, co-existing antecrystic zircon with an age of ~1595 
Ma is likely recycled from the deeper magmatic plumbing system (Fig. 8B). 
Magnetite formation in an early, ‘outer shell’ at Olympic Dam predates a sudden 
depressurization that leads to cupola collapse, hydraulic brecciation of both the granite and 
country rocks and deposition of hematite-dominant ore (Fig. 8C; Verdugo-Ihl et al., 2020). The 
latter event is constrained by the hematite age of 1591.27 ± 0.89 Ma. Assuming uplift rates as 
above, this would correspond to a depth of 2-4 km and could have been triggered by 
catastrophic, destabilizing tectonic events (e.g., mega-earthquakes) as considered for large 




porphyry systems (Richards, 2018). Hematite from deposit center is characteristically fine-
grained and intensely brecciated, demonstrating highly variable U-Pb systematics, likely due 
to formation directly within the collapsing cupola (Figs. 8C and 10). 
 
Figure 9: 207Pb/206Pb weighted average diagram for individual GRV/RDG zircon and highest-precision 
hematite samples (color marked in key). The corresponding 207Pb/206Pb probability density plot for 
combined weighted averages is presented (upper) and grouped by GRV (1 sample), RDG (4 
samples) and hematite (2 samples; sample LCD4 included from Courtney-Davies et al. (2019a). The 
207Pb/206Pb dates for the weighted averages are presented to the right, with the laboratory they were 
analyzed at and the tracer samples were spiked with. 





Figure 10: 207Pb/206Pb weighted average diagram displaying every zoned hematite ID-TIMS aliquot for 
each sample within this study. Colors indicate the location/lithology of each sample. Samples 
labelled with an asterisk are included from Courtney-Davies et al. (2019a). 
Zoned hematite from deep (~1.6 km) in the SE-lobe records a confident (207Pb/206Pb) 
population at 1588.95 ± 0.93 (sample LCD4), i.e., ~4 Ma after RDG zircon crystallization. 
Such younger ages could possibly result from fault (re)activation, augmenting the orebody, and 
(re)opening fluid pathways or episodic magmatic pulses feeding magmatic-hydrothermal fluids 
for an additional ~2 Ma interval after the RDG uplift. High-grade bornite ores from the NW-
arm, sampled at a shallower level (425 m), yielded young, but highly scattered individual 
207Pb/206Pb dates. The high Cu-grade of these samples may be the result of younger fluid pulses, 
introduced late into the hydrothermal system (Krneta et al., 2017, 2018), rather than fault 
reactivation which has not offset the NW of the deposit as seen in the SE, however, the poorly 
constrained and non-zero lower intercept likely leverage the date. Continued circulation of 
primary ore-forming fluids dissolved, reprecipitated, and/or overprinted mineral assemblages, 
including zoned hematite (Verdugo-Ihl et al., 2017). Variably altered mafic (Huang et al., 
2016) and felsic (Johnson and Cross, 1995) dikes tied to the GRV/Hiltaba Suite event have 
been interpreted to intrude the RDG and ODBC, although mineral assemblages dated so far 
provide only low-precision constraints at ~1590 Ma. Bedded, silica- and hematite-rich rocks 




found at depths of ~1.6 km yield a ~1590 Ma hematite population. This indicates that either 
pre-existing rocks (Wallaroo Group?) were entrapped within the RDG during uplift/brecciation 
and subsequently altered, or these units were incorporated into the breccia complex from above 
via faults, post-deposit formation. Entrapment of Fe-rich lithologies from the Wallaroo Group 
in the outer shell at Olympic Dam was also documented from U-Pb dating of ~1760 Ma 
magnetite (Courtney-Davies et al., 2020). 
The only published fluid inclusion and stable isotope study invokes a magmatic signature 
for magnetite (~400 °C, 10 ‰ δ18O) but suggests mixing with seawater or basinal groundwaters 
during the hematite stage (~200–400 °C, 9‰ δ18O; Oreskes and Einaudi, 1992). This 
interpretation is, however, based upon an earlier scenario in which the deposit formed close to 
the paleosurface rather than at depth, as presented here. The fluid source for hematite can only 
be magmatic-hydrothermal in origin when considering the ‘granitophile’ signature of dated, 
zoned hematite found throughout the deposit (Verdugo-Ihl et al., 2017). This signature, 
comprising a U-W-Sn-Mo element association, is typically enriched in granite-derived fluids 
(e.g., Kozlov, 2011), and extends and overlaps with mineralization throughout the ODBC, 
down to >2 km, based on principal component analysis of large whole rock datasets (Dmitrijeva 
et al., 2019).  
We can test this hypothesis by simplified mass balance calculations (Appendix B) assuming 
fluid exsolution from a parent melt to produce a mineralization mass comparable to that in the 
Olympic Dam deposit. We select Cu rather than Fe since the latter can be influenced by 
incorporation of older, pre-existing, Fe-rich lithologies (~1.75 Ga; Courtney-Davies et al., 
2020). The reported resource at OD is 79.45 Mt Cu (10,892 Mt @ 0.73 wt.% Cu; BHP 2019). 
Choosing a range of parameters for average granite composition, including Cu contents of 20 
to 120 ppm measured in RDG, water estimate for a typical granitic melt (e.g., 2.5 wt.% H2O; 
Clemens, 1984; Holtz et al., 2001), copper partitioning coefficients between a granitic melt and 






, of 2 to 80 (Keppler and Wyllie, 1991; Bai and Koster van Groos, 1999), we can 
calculate the amount of Cu produced from a volume of parent melt, assuming a total fluid 
exsolution percentage of 95% after crystallization of hydrous minerals (biotite, amphibole). 
This assumption is consistent with the calculated H2O requirement to produce 5% hydrous 
minerals in RDG (Ehrig et al., 2012), based on H2O values for the two minerals given by Cline 
and Bodnar (1991). 
Good fits between the resource and calculated Cu produced by the model are obtained 
(Table B1, Appendix) if we assume a melt volume (15x10x3 = 450 km3) that is of similar order 
of magnitude to a realistic estimated volume for the RDG. For example, using 𝐷𝐶𝑢
𝑓/𝑚
, of 80, 2.5 
wt.% H2O, melt density of 2,320 kg/m
3, and Cu content of 120 ppm in the initial melt, we 
obtain 82.8 Mt Cu extracted to fluid. The volume of the RDG is, in reality, unconstrained and 
may be significantly larger than estimated from available data. 
This model does not, however, explain why this particular intrusion appears to have been 
so efficient in generating mineralization compared to others of similar composition elsewhere 
in the same region, including in the same batholith. One intriguing possibility is the role of 
abundant volatiles within the hydrothermal fluids (as evidenced, for example, by the presence 
of Cl in zircon; Courtney-Davies et al., 2019c). Equally likely is that a confluence of events 
(tectonics, cupola collapse) led to the fluids being captured, precipitated and concentrated as 
an orebody rather than lost. 
 
4.7   Implications 
Considering the maximum and minimum hematite dates yielding statistically acceptable 
MSWD at the 95% confidence interval, a single, major mineralizing event lasted at least ~2 
Ma (Fig. 9). When considering the size of the Olympic Dam orebody and large magma flux 




during the Gawler SLIP event, a long-lived magmatic-hydrothermal event is plausible, 
resulting in metallogenesis at the regional-scale. Such a timeframe supports flow of magmatic-
hydrothermal fluids for another ~2 Ma post-RDG uplift. In this scenario, a suite of nested, 
deeper magmatic bodies, intruding below the RDG, as part of the Burgoyne Batholith, can be 
invoked, which were not captured in the presented sample set, containing zircon of the same 
age as earliest dated hematite. The oldest hematite age from the ‘outer shell’ may capture the 
timing of this event, with ‘younger’, discordant dates resulting from post-crystallization 
isotopic modification, or alternatively, attributable to variation in 238U/235U upon 
crystallization, as discussed in (Courtney-Davies et al., 2019a). The accepted 238U/235U value 
for zircon (137.818; Heiss et al., 2012) is well constrained, although there are no direct 
measurements for this value in hematite, imposing a limiting factor on the accuracy of hematite 
U-Pb data. However, Kirchenbaur et al. (2016) observed negligible variation from an average 
238U/235U value of 137.801 determined from analysis of forty whole rock samples in the ODBC, 
suggesting a common, narrow range of initial 238U/235U in all major lithologies, and implicitly 
in constituent minerals. Therefore, considering the highest-precision, concordant hematite data, 
and likely narrow range in the 238U/235U values for hematite, a ~2 Ma mineralizing timeframe 
is suggested (Fig. 9). If sampled hematite does contain a 238U/235U value akin to that reported 
by Kirchenbaur et al. (2016), the difference in calculated dates compared to the zircon data 
reduced with the value of Heiss et al. (2012) would be negligible at the presented resolution. 
Concordant datapoints confirm that some hematite grains have remained near closed-system 
and are therefore unaffected by post-crystallization isotope modification 
The zircon and oldest captured hematite ages presented above discriminate a temporal 
difference between the magmatic and magmatic-hydrothermal systems, whereby the earliest 
zoned hematite crystallizes ~2 Ma after youngest recorded magmatic zircon (Fig. 9), however, 
unconstrained closure temperatures between zircon and hematite create additional uncertainty. 




The relatively low measured difference in age compared to previous estimates (e.g., Johnson 
and Cross, 1995) supports involvement of magmatic-hydrothermal fluids derived from the 
parent melts of Hiltaba Suite granites, the geochemical signature of which is recorded within 
U-W-Sn-Mo-bearing zoned hematite. The ~2 Ma age difference between the magmatic and 
magmatic-hydrothermal systems further supports a deep, rather than near surface diatreme-
maar origin for the deposit, as such sudden uplift from depths of 6-8 km is irreconcilable with 
the measured window. Diagrams showing Olympic Dam as a ‘maar’ type of IOCG deposit 
(e.g., Groves et al., 2010; in press) should be abandoned based on such evidence. 
The timescales discussed here emphasize the analytical resolving power required to capture 
and distinguish between magmatic and magmatic-hydrothermal events, a level of precision that 
is currently beyond the capabilities of microbeam methods. Uranium-bearing hematite 
demonstrates that relative precisions of ± 0.1% and ± 0.05% (and interpreted ages) for 
individual crystal-fragments and 207Pb/206Pb grouped weighted means, respectively, is 
achievable using Mesoproterozoic samples. Despite this, temporal differences between ore 
zones within the deposit have not been resolved and may not exist (Fig. 10). However, if such 
a difference does exist, it is likely that the timescales cannot be accurately resolved by the 
methods and samples used in this study. The data presented here highlights how individual 
plutons and their associated hydrothermal fluids can be very difficult to date, especially when 
the largest orebody is hosted within a breccia complex largely composed from the enclosing 
host granite. Without access to a much wider set of samples from multiple depths across the 
batholith, requiring substantial drilling of holes almost certain to be barren, the true extent of 
magmatic-hydrothermal activity may never be fully constrained. Overall, combined zircon-
hematite ages represent the highest-precision geochronological study of a Proterozoic IOCG 
deposit, underpinning the growing value of hematite to accurately date ore forming events at 




levels of precision equal to or higher than more conventional methods (e.g., Re-Os dating of 
molybdenite; Chiaradia et al., 2013). 
Geochronological understanding of the Olympic Dam deposit, as well as the larger Olympic 
IOCG province would benefit from future studies encompassing high-precision dating of mafic 
dikes within the ODBC, Hiltaba Suite granite from different areas of the Burgoyne Batholith 
and U-bearing magnetite in the deposits ‘outer shell’. Furthermore, future CA-ID-TIMS dating 
in the region should preferably be undertaken using the same tracer calibration solutions and 
data reduction methods for transparency in data comparison. 
 
4.8 Conclusions 
Three key geochronological constraints on the magmatic-hydrothermal genesis of the 
Olympic Dam deposit are demonstrated here with confidence for the first time. Integrating 
zircon and hematite ages underpins a model involving a single, major mineralizing event, 
hinting at a temporal evolution of zoned hematite within distinct locations and lithologies 
throughout the deposit, ~2 Ma after zircon crystallization. Furthermore, Olympic Dam hematite 
(U-Pb) ID-TIMS geochronology has generated a date with the highest (current) analytical 
precision for a hydrothermal mineral reported within any Proterozoic IOCG deposit. Hematite 
and zircon should therefore be considered a key mineral pair to constrain the timeframes of U-
rich, intrusion-hosted ore systems of any age. 
• The magmatic-hydrothermal system at Olympic Dam became active ~2 Ma after the 
youngest recorded zircon in the granite hosting Olympic Dam at 1593.28 ± 0.26 (2σ). 
• The orebody was principally formed during a single, major mineralizing event, whereby 
the earliest magmatic-hydrothermal activity is recorded in hematite from the ‘outer 
shell’ of the deposit at 1591.27 ± 0.89 Ma (2σ). 




• Hematite ages constrained throughout all lithologies and orezones within the deposit 
suggest the magmatic-hydrothermal system was active over a period of ~2 Ma. 
• Mesoproterozoic (~1.6 Ga) magmatic-hydrothermal events can be accurately 
constrained at up to ~0.05 % uncertainty (207Pb/206Pb) using the hematite U-Pb mineral 
geochronometer. 
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The common iron-oxide hematite (α-Fe2O3) can incorporate significant concentrations of U 
into its crystal structure and retain radiogenic Pb produced in-situ over geological time. This 
capacity to host both U and Pb has been confirmed in laboratory experiments. Hematite is a 
ubiquitous component of banded iron formation and iron-oxide copper gold (IOCG) deposits 
and therefore a useful hydrothermal mineral geochronometer for constraining the timing of ore 
formation and superimposed geological events in such environments; however, no suitable 
natural hematite reference material has been identified to date. Here, we characterize the first 
matrix-matched synthetic hematite U-Pb reference material (HFO), using bulk chemical 
analysis and in-situ microbeam techniques. Subsequently, a reconnaissance appraisal of the 
materials application to in-situ U-Pb geochronology is presented. Centimeter-scale chips of 
hydrated ferric oxide doped with U and Pb were converted into α-Fe2O3 and mounted within 
one-inch diameter polished blocks. Downhole depth profiles generated by laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) confirm U and Pb is 
homogeneously distributed, not present as inclusions, and that U/Pb downhole fractionation is 
comparable to that observed in natural hematite specimens. Spot analyses demonstrate 
consistent concentrations and ratios of U and Pb within a HFO chip and across multiple HFO 
chips. Material was randomly microsampled via laser ablation-extraction in twelve locations 
across four HFO chips for isotope dilution-thermal ionization mass spectrometry (ID-TIMS). 
Reproducible U/Pb and Pb/Pb measurements were obtained (n=13), although three outliers are 
present in the dataset, either resulting from heterogeneity within the microsampled material, or 
due to incomplete equilibration between the sample and spike during dissolution steps. When 
excluding the outliers, our preferred weighted average calibration values for HFO are: 
207Pb/206Pb = 0.9175 ± 0.0013, 206Pb/238U = 0.12213 ± 0.00074 and 207Pb/235U = 15.439 ± 0.088 
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(2σ; n = 10/13). Millimeter-scale grains of natural hematite from different locations within the 
Olympic Dam IOCG deposit (South Australia), were previously microsampled and analyzed 
by ID-TIMS, yielding reproducible and high-precision U/Pb measurements. LA-ICP-MS spot 
analyses were collected adjacent to the material subsampled for ID-TIMS, and calibrated 
separately using both the GJ-1 zircon and HFO reference materials as primary standards, 
employing Plešovice and 91500 as secondary standards. In both cases, LA-ICP-MS 207Pb/206Pb 
dates generated via calibration with HFO are marginally more accurate than those calibrated 
with the GJ-1 zircon, when compared to the independent ID-TIMS measurements of the grains. 
HFO calibrated data plotted on a Wetherill diagram is however considerably more concordant, 
accurate and higher precision (upper intercept) than GJ-1 calibrated analyses. This is 
significant, as intercepts are often the most suitable form of date to use in hematite age 
interpretation, particularly for banded iron formation samples where Pb loss and common Pb-
components are substantial, and concentrations of U are typically low.  
9.1 Introduction 
Uranium-Pb dating of hematite is a fledgling field of geochronology, with applications in a 
range of geological environments spanning the entire geological history of the Earth. Most 
notably, the hematite U-Pb mineral geochronometer has been used to resolve and support the 
timing of ore formation within iron-oxide copper gold (IOCG), porphyry-related Au and 
banded iron formation deposits (Ciobanu et al., 2013; Courtney-Davies et al., 2016; 2019a, b; 
Zhou et al., 2017; Keyser et al., 2019).  
The three fundamental caveats for accurate radioisotopic dating are: (1) incorporation of U 
during crystallization; (2) quasi-exclusion of common Pb during crystallization; and (3) 
preservation of a near-closed U-Pb system from the point of primary crystallization. 
Concentrations of U measured in natural hematite vary significantly, between geological 




settings and often also within single systems and grains. U-bearing hematite is volumetrically 
abundant in uranium-rich ore systems, such as the Olympic Dam IOCG deposit (South 
Australia) and has, in some cases, been documented to attain several wt.% U, and likely higher 
within sub-microscopic domains (Ciobanu et al., 2013; Verdugo-Ihl et al., 2017). The proposed 
substitution mechanism for U in such hematite could involve: 2Fe3+ ↔ U6+ + □ (; up to 0.013 
atoms per formula unit assuming U6+; Verdugo-Ihl et al., 2017), based on vacancy-induced 
crystal-structure modifications (long-range superstructures; Ciobanu et al., 2013). 
Experimental studies have reproduced observations in nature, whereby Duff et al. (2002) 
established that U6+ is incorporated in Fe-oxides as the uncommon uranate species (without 
axial O atoms) until saturation is reached. Common Pb (primordial 204Pb and/or unsupported 
radiogenic Pb) contents, like U, can vary by several orders of magnitude intra-grain. This 
feature is common within hematite that has been exposed to hydrothermal overprinting, 
whereby trace elements are preferentially substituted and micron- to nanoscale inclusions 
containing elements released from hematite nucleate along reaction fronts, modifying primary 
U-Pb systematics (Verdugo-Ihl et al., 2017, 2019). However, hematite has proven remarkably 
durable within such hydrothermal systems (Courtney-Davies et al., 2019a). Isotope dilution-
thermal ionization mass spectrometry (ID-TIMS) measurements of microsampled 
compositionally zoned hematite grains from the ~1590 Ma Olympic Dam deposit, in some 
cases, yield concordant data points, where the largest contribution of common Pb is inherited 
from the laboratory blank (Courtney-Davies et al., 2019a). This demonstrates that hematite can 
retain a near-closed U-Pb system over geological time within complex magmatic-hydrothermal 
ore deposits. Furthermore, hematite does not appear to accumulate significant alpha-decay 
damage, despite high U contents (Courtney-Davies et al., 2019a).   
Due to the large costs and timeframes of ID-TIMS analysis and sample preparation, 
development of a hematite reference material is critical for use in microbeam analytical 
CHAPTER 9: SYNTHETIC HEMATITE U-Pb REFERENCE MATERIAL 
207 
 
techniques e.g. fast and cost-effective laser ablation-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS). Accurate LA-ICP-MS data requires analyses of unknowns to be 
calibrated against equivalent analyses of a well-characterized reference material. Such 
materials need to be exceptionally homogeneous in isotopic composition at the micron scale, 
structurally homogeneous, sufficiently matched to the matrix of the unknowns and not contain 
internal fractures, cracks or inclusions (Nasdala et al., 2018). No natural hematite grains that 
are sufficiently large or isotopically homogeneous to be implemented widely as reference 
material have been identified thus far.  
Consequently, we set out to fabricate a synthetic hematite U-Pb reference material. ‘Chips’ 
of hematite were successfully co-doped with U and Pb following the methodology described 
in Courtney-Davies et al. (2019c), with some minor modifications to the production process 
(see below).  
The hematite reference material, hereafter named ‘HFO’, underwent a sequence of 
characterization steps, which we present in this study: This initially involved imaging to 
ascertain the nature of the material from the chip to micron scales. Uranium and Pb distribution 
at depth was evaluated by LA-ICP-MS downhole profiles and the degree of U/Pb fractionation 
in the HFO versus natural samples assessed. Four HFO chips were microsampled for ID-TIMS, 
providing high precision U/Pb data. Lastly, samples of hematite from the Olympic Dam IOCG 
deposit were analyzed using the HFO as the reference material and compared to data using 








9.2 Methodology  
9.2.1 Imaging  
Mounted HFO chips were imaged via optical microscopy in reflected light and using a FEI 
QUANTA 450 scanning electron microscope equipped with energy-dispersive X-ray 
spectrometry (EDS) and backscattered electron (BSE) detectors. Laser ablation crater shape 
and depths were measured in 3D using an optical Olympus LEXT OLS5000 laser confocal 
microscope. All instruments are housed at Adelaide Microscopy, the University of Adelaide.  
9.2.2 Laser ablation ICP-MS 
All reported LA-ICP-MS data were collected using a 193 nm RESOlution-LR excimer laser 
microprobe (Australian Scientific Instruments) coupled to an Agilent 7900x Quadrupole ICP-
MS during a single analytical session. Acquisition protocols followed the same methodology 
as outlined in Courtney-Davies et al. (2019a) for natural hematite as well as for HFO analyses 
(Table 1). The GJ-1 zircon (Jackson et al., 2004) was the primary zircon reference material 
used to calibrate unknowns, while Plešovice (Sláma et al., 2008) and 91500 (Wiedenbeck et 
al., 1995) were run as secondary standards. Data was processed in using Iolite data reduction 
software (Paton et al., 2011). Data presented was not filtered or manipulated through signal 
selection in order to assess unbiased values. All geochronological data is presented using 
Isoplot 4.1 (Ludwig, 2012). Further analytical and data processing details can be found in Table 
1. LA-ICP-MS data acquisition involved a sequence of four spots on HFO, three on GJ-1, two 
on Plešovice, one spot on 91500, and twenty spots on unknowns, repeated. 
9.2.3 Isotope dilution TIMS 
Procedures follow a slightly modified methodology to that presented in Courtney-Davies et 
al. (2019a; see for extended details). Sample preparation for ID-TIMS was conducted at 
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Adelaide Microscopy. HFO was extracted in-situ by ablating 50 to 100 μm wide trenches using 
an ESI NWR213 solid state laser ablation system (three line raster passes at 10 Hz, 1 μm/s, 20–
80 μm beam diameter) to form squares, ~100 × 100 μm in size, within HFO chips (Figure 1). 
Table 1. LA-ICP-MS data collection and processing parameters. 
Laboratory and Sample Preparation                  
Laboratory name      Adelaide Microscopy        
Sample type/mineral     Hematite grains within 1-inch round polished block    
Imaging  
     
FEI Quanta 450 scanning electron 
microscope     
Laser ablation system                     
Make, Model and type  
   
RESOlution-LR excimer laser microprobe (Australian Scientific 
Instruments)  
Ablation cell and volume     Large format S155 two-volume ablation cell (Laurin Technic Pty) 
Laser wavelength (nm)     193 nm         
Pulse width (ns)     20 ns         
Fluence (J cm-2)     Zircon = 2.5 J.cm
-2; Hematite and HFO = 4 J.cm-2    
Repetition rate (Hz)     5 Hz         
Ablation duration (s)     40 s          
Ablation pit depth    25 μm hematite; 45 μm HFO       
Spot diameter (um)     29 μm         
Sampling mode/pattern     Static spot ablation        
Carrier gas      0.38 L/min He in the cell; 1.05 L/min Ar carrier gas combined 
within the funnel of the two-volume ablation cell, after ablation 
  
         
ICP-MS Instrument                       
Make, Model and type     Agilent 7900x Quadrupole ICP-MS      
Sample introduction     Direct aerosol injection into the lasma      
RF power (W)      1350 W         
Detection system      Electron Multiplier, Pulse mode      
Masses measured     
57Fe, 204Pb, 206Pb, 207Pb, 208Pb, 232Th, and 238U     
Integration time per peak/dwell times (ms) 5, 20, 50, 50, 10, 10, 50 ms, respectively 
Settling time between mass jumps 2.8 ms 
        
Total integration time per output data point  0.233 s      
 
    
Data Processing                       
Gas blank      30 s gas background        
Data processing package used Iolite™ (Paton et al., 2011); DRS scheme: U_Pb_Geochronology3 
Common-Pb correction    No common-Pb correction applied to the data     
Uncertainty level and propagation  2 sigma level uncertainty, internal error propagation through Iolite 
238U/235U data reduction value   137.818 (Heiss et al., 2012)         
 
Following ultrasonic cleaning of the polished blocks, the target material (area contained within 
the square) was manually extracted under a microscope with tweezers and transferred to 
separate vials. Each sample weighted ~0.1 mg, containing an average of 15 ng U and 6.6 ng of 
Pb. Analyses were conducted at the Natural Environment Research Council, Isotope 




Geosciences Laboratory, British Geological Survey. The mixed 205Pb-233U-235U U-Pb tracer 
(NIGL-2) and 400 μl of 6N HCl were added to each HFO aliquot and fluxed for ≥2 days at 120 
°C in closed beakers. The HFO aliquots dissolved in HCl within 2 days. Following dissolution 
and equilibration, the tracer samples were dried to chloride form, then dissolved in ~300 μl of 
concentrated 9M HBr, and lastly, fluxed on a hotplate overnight at 120 °C to convert to bromide 
form. Samples were then dried and dissolved in ~300 μl 1 M HBr to complete the conversion 
to bromide form. Separation of Pb from matrix elements and U was conducted using a variation 
of the HBr-HNO3 AG 1-X8 anion exchange resin chemistry (Lugmair and Galer, 1992). 
Separation of U from the remaining matrices was achieved using an AG 1-X8 HNO3 and HCl-
based chemistry modified from Edwards et al. (1986). Lead fractions were dried down 
individually with ~10 μl of H3PO4 and then loaded onto a zone-refined Re filament in a silica 
gel matrix (Gerstenberger and Haase, 1997). Isotope ratios were measured using a Thermo 
Triton thermal ionization mass-spectrometer. Lead was measured in peak hopping (dynamic) 
mode on a single MassCom secondary electron multiplier. Linearity and dead time corrections 
on the SEM were monitored using repeated analyses of the NBS 982, NBS 981 and U 500 
reference materials (Pb = 24.5 ns; U = 22 ns). Uranium was run in oxide form (UO2) and 
measured in static mode on Faraday detectors equipped with a 1012 Ω resistor and corrected 
for isobaric interferences using an 18O/16O value of 0.00205. Uranium mass fractionation was 
calculated in real-time based on the isotopic composition of the tracer solutions. Mass bias for 
Pb was corrected using the fractionation factor of 0.14 ± 0.02% per amu (1σ). Decay constants 
used are from Jaffey et al. (1971) for 238U and 235U. Isotope measurements were processed 
using the TRIPOLI software package (Bowring et al., 2011). Data reduction, error propagation 
and date calculations were carried out using the excel spreadsheet of Schmitz and Schoene 
(2007) using a 238U/235U value of 137.818 (Heiss et al., 2012). Isotope ratios have been 
corrected for lab blanks only at this stage of the study.  




9.3.1 Synthetic hematite reference material (HFO) 
Synthetic hematite co-doped with U and Pb was prepared from a solution of ferric nitrate 
precipitated with ammonia solution. This reaction produced a suspension of colloidal hydrated 
ferric oxide that was washed with water several times by decantation until it peptised. A doping 
solution of uranyl and lead nitrates was then added to adsorb the U and Pb onto the colloidal 
hydrated ferric oxide particles. Ultrasonication with a powerful 200W horn subdivided the 
colloidal particles and increased the surface area for dopant adsorption. After settling, the 
doped material was dried at 50 °C to produce solid chips, each several millimeters in thickness, 
followed by heating to 700 °C. The material was held at 700 °C for 10 h, after which it was 
furnace-cooled to ambient temperatures, resulting in conversion of doped hydrated ferric oxide 
to α-Fe2O3. The doping solution contained 0.253 mg/mL U and 0.101 mg/mL Pb, obtained 
from 1000 mg/L U standard solution (High-Purity Standards of Charleston SC), prepared from 
natural U3O8 in 2% nitric acid, and a Pb solution made in our laboratory by dissolving non-
radiogenic Pb metal in hot nitric acid. The crystal phase present in the samples were repeatedly 
confirmed as α-Fe2O3 by X-ray powder diffraction. 
As described in Courtney-Davies et al. (2019c), the HFO synthesis method produces distinct 
domains of ‘lighter’ and ‘darker’ material within individual chips. The domains contain minor 
differences in U-Pb concentrations and a larger U/Pb heterogeneity in the ‘brighter’ domains, 
phenomena which are likely spatially controlled by the heating and cooling regimes during 
synthesis. Despite this, the more homogeneous ‘darker’ domains encompass sufficiently large 
portions of the chips (up to 8 x 4 mm), and brighter to darker domain boundaries are adequately 
sharp for them to be confidently assessed separately (Figure 1 A-D). Four chips of HFO within 
a single polished block were microsampled via laser ablation-extraction (Figure 1C) in thirteen 




locations within the ‘darker’ domains (chips AG1-4), and three locations with a single 
‘brighter’ domain (chip BG2; Figure 1B, D).  
 
Figure 1. (A) Photograph of characterized HFO chips mounted in a 1-inch polished block. (B) Optical 
reflected light scan of the polished block surface. (C) Optical photomicrograph of a laser ablation cut 
trench, used to extract domains of the HFO for ID-TIMS. (D) Magnification of marked red box in (A, 
B), displaying the locations of microsampled material (arrowed).  
9.3.2 Natural hematite 
Two natural grains of oscillatory zoned-hematite, obtained from the Olympic Dam IOCG 
deposit and previously microsampled and dated by ID-TIMS (Courtney-Davies et al., 2019a) 
are used as ‘unknowns’ (of known age), to assess and compare the accuracy of LA-ICP-MS 
spot analysis between data calibrated on HFO and GJ-1 zircon. The natural hematite is zoned 
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with respect to U, W, Sn and Mo (highest concentrations in the brightest zones on BSE images), 
with U concentrations ranging from hundreds to thousands of ppm across the grains (Figure 2) 
and negligible common Pb components. 
 
Figure 2. (A-B) Back scattered electron images of natural, oscillatory-zoned hematite from the Olympic 
Dam IOCG deposit and (C-B) optical reflected light images of the same grains displaying the locations 
of LA-ICP-MS spot analyses from this study (blue spots) compared to locations microsampled for ID-
TIMS. (A) Grain LCD4, sampled from the deposits ‘SE-lobe’, drillhole RD27986A, 1550 m RL depth; 
(B) grain CLC10, sampled from the deposits ‘outer shell’, drillhole RU65-7976, 750 m RL depth. White 
boxes indicate the locations of microsampled material for ID-TIMS. 




Isotope dilution-TIMS U/Pb and concentration data for grain LCD4 can be found in Courtney-
Davies et al. (2019a) and grain CLC10 in Courtney-Davies et al. (2019d); 207Pb/206 Pb weighted 
averages for the two microsampled grains are 1588.95 ± 0.93 Ma (n=3; MSWD=0.45) and 
1591.27 ± 0.89 Ma (n=5; MSWD=0.52), respectively. 
9.4 Results and Discussion  
9.4.1 Characterization of HFO reference material  
Initial LA-ICP-MS spot analyses were acquired to assess the downhole distribution of U 
and Pb isotopes. Time resolved ablation profiles display flat, steady signals over the analysed 
period for all measured isotopes (Figure 3).  
 
Figure 3. Downhole LA-ICP-MS profiles for Fe, U and Pb isotopes. Note the steady signals from the 
beginning to the end of the ablation sequence. 
Averaged 206Pb/238U downhole fractionation profiles for natural hematite (LCD4; 60 spots), 
HFO (24 spots) and GJ-1 zircon (18 spots) over a 40 second period of data acquisition reveal 
three different fractionation trends (Figure 4; Appendix Tables LA 1-3). It should be noted that 
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LCD4 and HFO data was acquired using a fluence of 4 J cm−2, compared to 2.5 J cm−2 for GJ-
1 zircon, at a constant repetition rate of 5 Hz. The different fluences were selected to better 
match the downhole fractionation profiles between hematite and zircon (Courtney-Davies et 
al., 2019a). Both the LCD4 hematite and HFO fractionation trends begin to rise after 50 
seconds, although the slope for HFO is much steeper.  
 
Figure 4. LA-ICP-MS 206Pb/238U downhole fractionation profiles for natural hematite, HFO and GJ-1 
zircon, generated as an average from multiple spot ablations. Data were collected in a single analytical 
session.  
HFO and LCD4 hematite laser ablation craters were examined using a laser confocal 
microscope to examine their shape and depth in 3D (Figure 5). LCD4 hematite crater depths 
ranged from 31 to 24 μm within single pits, and averaged 25 μm. In contrast, the depth of HFO 
craters measured 45 μm on average although the morphology of crater pits and edges are 
comparable between the two samples. The disproportionate volume of material being ablated 
between LCD4 and HFO is a plausible explanation for the late, steep increase in HFO 
206Pb/238U downhole fractionation (Figure 4). The greater volume of ablated material under the 




same analytical conditions can be attributed to the greater porosity in the HFO, and/or to 
differences in trace element chemistry (e.g. high W, Sn, Mo in natural hematite). Adjusting the 
laser conditions (e.g. reducing fluence) for future analyses, could reduce the ablation rate of 
the HFO and hence give more comparable ablated volumes and downhole fractionation 
profiles.  
 
Figure 5. Representative 3D images and cross-section profiles taken across laser ablation pits in sample 
LCD4 hematite (A) and HFO (B).   
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9.4.2 U/Pb measurement of HFO reference material  
Bulk chemical analysis of microsampled HFO was undertaken using both solution ICP-MS 
at the University of Melbourne and ID-TIMS at the British Geological Survey. Data obtained 
via solution Q-ICP-MS is not discussed due to a spread in U/Pb data derived from the analysis 
rather than intra-sample heterogeneity. This U/Pb spread is due to the microsampled HFO and 
the spike not equilibrating during dissolution steps. Isotope dilution-TIMS data for thirteen 
microsampled domains across four HFO chips is presented in Figure 6 and Table 2. 
 
Figure 6. Conventional Wetherill concordia diagram for HFO analyses via three dating methods. Note 
that all error ellipses are 2σ apart from the LA-ICP-MS analyses. All thirteen ID-TIMS analyses from 
the ‘darker’ domains are plotted.  
Due to the non-radiogenic isotopic composition of the Pb solution used in the HFO doping 
procedure, the data plots highly discordantly and is reflected in the common Pb composition 
(206Pb/204Pb = 16.8). All data lie along a single intercept line forming a zero-age lower, and 




upper intercept towards common Pb. The non-concordance and common Pb composition of 
the data is not a factor that controls the robustness of the HFO as a reference material, as long 
as 206Pb/238U, 207Pb/235U and 207Pb/206Pb ratios can be measured repeatedly at high precision. 
Isotope dilution-TIMS data are clustered, although data points are not all within analytical 
uncertainty of one another. The small spread in data is reflected in weighted average diagrams 
(Figure 7) where three clear outliers are visible. 
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ID-TIMS Sample (Radiogenic + Initial Pb) Isotope Ratios 













corr. coef. corr. coef. corr. coef. 
235U 238U 206Pb 206Pb 
204Pb 206Pb 238/206-207/206 238/206-204/206 207/206-204/206 
AG1 
1 15.424 0.14 0.122 0.12 8.171 0.12 0.914 0.08 16.727 0.14 0.060 0.14 -0.67 0.76 -1.15 
2 15.323 0.13 0.122 0.10 8.172 0.10 0.909 0.08 17.058 0.17 0.059 0.17 -0.76 0.74 -0.94 
3 15.337 0.12 0.121 0.09 8.232 0.09 0.916 0.08 16.904 0.16 0.059 0.16 -0.85 0.86 -1.02 
4 14.336 0.35 0.113 0.29 8.866 0.29 0.922 0.20 16.765 0.31 0.060 0.31 -0.11 0.14 -0.20 
5 13.147 0.12 0.104 0.09 9.643 0.09 0.920 0.08 16.834 0.16 0.059 0.16 -0.86 0.85 -0.98 
AG2 
1 15.446 0.16 0.122 0.14 8.173 0.14 0.916 0.08 16.840 0.16 0.059 0.16 -0.46 0.63 -0.99 
2 15.532 0.21 0.123 0.19 8.155 0.19 0.919 0.08 16.789 0.16 0.060 0.16 -0.21 0.52 -0.96 
3 15.554 0.14 0.123 0.11 8.128 0.11 0.917 0.08 16.844 0.16 0.059 0.16 -0.68 0.77 -1.00 
AG3 
1 15.435 0.14 0.122 0.12 8.205 0.12 0.919 0.08 16.788 0.16 0.060 0.16 -0.62 0.73 -1.00 
2 15.548 0.23 0.123 0.21 8.135 0.21 0.918 0.07 16.679 0.16 0.060 0.16 -0.22 0.46 -1.09 
AG4 
1 15.631 0.16 0.124 0.14 8.074 0.14 0.916 0.08 16.786 0.15 0.060 0.15 -0.49 0.65 -1.03 
2 15.366 0.17 0.121 0.15 8.250 0.15 0.920 0.08 16.786 0.16 0.060 0.16 -0.47 0.57 -1.00 
3 15.168 0.19 0.120 0.17 8.358 0.17 0.920 0.08 16.793 0.15 0.060 0.15 -0.32 0.56 -1.04 
                  
BG2 
1 14.808 0.17 0.117 0.15 8.559 0.15 0.920 0.09 16.809 0.16 0.059 0.16 -0.36 0.58 -0.88 
2 14.713 0.18 0.116 0.16 8.618 0.16 0.920 0.09 16.829 0.16 0.059 0.16 -0.32 0.55 -0.85 
3 15.424 0.17 0.125 0.15 7.988 0.15 0.894 0.08 16.786 0.14 0.060 0.14 -0.44 0.64 -1.11 
Table 2. Isotope dilution-TIMS data for the HFO reference material. HFO chips AG1-4 were microsampled in ‘darker’ domains, while chip BG2 derives from 
a ‘brighter’ domain. The individual U/Pb analyses highlighted in bold represent excluded outliers, depicted in Figure 7 weighted average diagrams. See appendix 
table ID HFO for an extended ID-TIMS data table. Data in bold represent excluded analyses. 




Figure 7. Weighted average diagrams for thirteen ID-TIMS analyses from four HFO chips (207Pb/206Pb, 
206Pb/238U and 207Pb/235U). Blue error bars (2σ) represent excluded analyses. 
All three measured outliers were microsampled from the same chip of HFO (AG1; Table 2). 
Analysis AG1-2 yields the lowest 207Pb/206Pb, while analyses AG1-4 and AG1-5 both yielded 
low U/Pb and slightly high 207Pb/206Pb. There are two possibilities to explain the outliers. 
Firstly, the microsampled material and spike did not equilibrate during dissolution. This is, 
however, unlikely considering that the majority of analyses are consistent, and no residue was 
observed within any of the aliquots prepared for ID-TIMS. Therefore, it is more likely that 
U/Pb heterogeneity must exist within individual analyzed volumes of HFO. However, only 
chip AG1 yields outliers, which can be attributed to the proximity of these analyses to the 
‘brighter’, more heterogeneous chip domains when compared with all other analyses. There is 
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little control over depth when employing the laser-extraction technique, and trenches 
commonly exceed 150 μm in depth. Therefore, the diffusional nature of the heterogeneous chip 
domains may continue at depth, under the visible, more homogeneous domain observed at the 
chip surface, and sampling a mixture of the two domains resulted in spurious U/Pb 
measurements. Three analyses from the ‘brighter’ domain (BG2; Figure 1) yielded high-
precision, but highly scattered U/Pb, whereby two aliquots provide low U/Pb, equivalent to the 
lower U/Pb outliers in the ‘darker’ domains, supporting that a mixture of domains was analyzed 
in chip AG1. 
Excess 2σ scatter is present in the U/Pb weighted means (0.53 %). When applying the 
quadrature to convert this mean to a single population, over-dispersion rises to 1.7 %. There is 
much lower scatter in Pb/Pb as expected (0.14 % internal and 0.38 % external) although it 
appears that two components of common Pb are present. At this stage, the source of the second 
component, which is unrelated to the starting material, cannot be traced, but could have been 
introduced at a different stage of material synthesis or during microsampling. Exclusion of all 
three outliers for all calculated ratios, based on the sole presence within one chip, and 
microsampled locations proximal to chip boundaries, yields preferred HFO values of: 
207Pb/206Pb = 0.9175 ± 0.0013, 206Pb/238U = 0.12213 ± 0.00074 and 207Pb/235U = 15.439 ± 0.088 
(2σ; n = 10/13). Despite a slight over-dispersion in U/Pb, the measured HFO is sufficiently 
homogeneous to merit application as a primary reference material for natural hematite 
calibration, especially for LA-ICP-MS where the TIMS results are within the precision of the 
technique. 




9.4.3 Application of HFO reference material  
Two grains of natural hematite from the Olympic Dam deposit (Figure 2) were selected for 
reconnaissance implementation tests using the HFO reference material. The sequence of LA-
ICP-MS data acquisition for the first hematite grain (LCD4), comprised sixteen HFO, twelve 
GJ-1 zircon, and sixty unknown spot analyses (plus secondary zircon reference material 
analyses). The unknowns are plotted on a Terra-Wasserburg diagram (Figure 8), either 
calibrated using HFO (green error ellipses), or using GJ-1 zircon (red error ellipses). HFO 
calibrated unknowns are the generally concordant to slightly discordant, compared with only 
discordant analyses calibrated using GJ-1.  
 
Figure 8. Terra-Wasserburg concordia diagram (left) and 207Pb/206Pb weighted average diagram (right) 
for HFO calibrated (green) and GJ-1 zircon calibrated (red) analyses of LCD4 natural hematite. The 
blue weighted average bar represents the overlain age and uncertainty of the ID-TIMS analysis of the 
natural hematite sample. 
This demonstrates that previously interpreted Pb-loss within such samples when calibrated 
with GJ-1 zircon (e.g. Ciobanu et al., 2013; Courtney-Davies et al., 2019a), is likely an 
analytical, rather than geological feature, controlled by the interplay between analysis 
conditions and non-matrix matched standardization. These effects are still present to a lesser 
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extent when using the HFO for calibration. It is likely that this can be improved further by 
adjusting the laser fluence to reduce the ablation rate for HFO and provide a closer match for 
the downhole fractionation of natural hematite. 
In addition to the U/Pb data, a 207Pb/206Pb weighted average diagram was constructed to 
compare the accuracy of HFO and GJ-1 calibrated unknowns versus ID-TIMS data from the 
same grain domains (Figure 8). When ignoring uncertainties, a divergence from the ‘true’ ID-
TIMS hematite 207Pb/206Pb age of -0.18 % (HFO) versus 0.27 % (GJ-1) is obtained, indicating 
marginally higher accuracy for data calibrated using HFO. There is excess scatter in the 
MSWD, which may be improved when excluding analyses based on lowest U contents or 
206Pb/204Pb, but for the purposes described here it is unnecessary, as we are comparing whole 
datasets rather than deriving dates. When comparing the Terra-Wasserburg intercept and 
207Pb/206Pb weighted average dates, HFO calibrated data are in good agreement, whereas data 
calibrated using GJ-1 does not overlap within analytical uncertainty. 
Figure 9. Wetherill concordia diagram (left) and 207Pb/206Pb weighted average diagram (right) for HFO 
calibrated (green) and GJ-1 zircon calibrated (red) analyses of natural hematite (sample CLC10). ID-
TIMS data is also plotted in blue on the Wetherill diagram. Black error bars on the weighted average 
diagram relate to hematite data calibrated using HFO. The blue weighted average bar represents the 
overlain age and uncertainty of the ID-TIMS analysis of the natural hematite sample. 




The second hematite grain (CLC10) followed the same analysis sequence as discussed 
above but with a lower number of analyses (20 unknowns). Data is presented on a Wetherill 
concordia diagram, to better assess the data in U/Pb space (Figure 9). Analogous to sample 
LCD4, data for sample CLC10 is more concordant, and marginally more accurate in 207Pb/206Pb 
when calibrated using HFO, whereas GJ-1 calibrated upper intercept and 207Pb/206Pb dates are 
in poor agreement with one another. Interestingly, the GJ-1 calibrated upper intercept is 
unrealistically old, and remains old even after exclusion of outliers, whereas the HFO calibrated 
upper intercept date overlaps exactly with the ID-TIMS intercept for the data (1591 ± 18 Ma 
versus 1591.8 ± 1.3 Ma). This suggests that hematite samples that require age interpretation 
using intercept dates, due to Pb-loss, low U or high common Pb components, are more suited 
to calibration with the HFO reference material. It should be noted that calibration using both 
reference materials produces poorly constrained lower intercepts for sample CLC10, however, 
anchoring of the GJ-1 calibrated data to a zero age lower intercept still produces an 
unrealistically old upper intercept. Discrepancies in U/Pb data calibrated using GJ-1 zircon 
may be related to lower concentrations of Pb (~20 ppm) in the zircon which gives lower 
accuracy for the 207Pb/206Pb weighted averages.   
9.5 Conclusions and outlook  
Preliminary implementation of the HFO reference material indicate advantages over zircon 
reference material calibration of hematite unknowns, as demonstrated by higher accuracy U/Pb 
upper intercept dates. Future work will aim to refine laser ablation analysis conditions, 
propagate appropriate uncertainties and compare accuracy and precision of HFO calibrated 
data using a range of hematite samples with varying U-Pb systematics. 
Analysis parameters will be modified to better match the HFO downhole U/Pb fractionation 
profiles to natural hematite. This can be achieved by reducing the fluence applied during 
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analysis of HFO and matching the volume of material that is ablated. Reduction in 206Pb/238U 
downhole fractionation will result in more accurate LA-ICP-MS data when compared to ID-
TIMS results for natural hematite. Addition of systematic uncertainties and error propagation 
strategies will need to be developed and applied to the initial ID-TIMS HFO data, and to data 
obtained using HFO as the reference material (e.g. calibration of ID-TIMS tracer, uncertainties 
applied when using bulk versus microbeam methods). This will ensure transparency and 
comparability of data between analysis methods. Since we can be confident that HFO 
calibrated data is more accurate than that calibrated using GJ-1, we will apply the HFO 
reference material to date a range of samples which have not been previously dated by ID-
TIMS. This will enable: (1) comparison of results between GJ-1 and HFO for lower U, more 
open system and common Pb-rich samples e.g. low-U banded iron formation hematite from 
the Middleback Ranges (South Australia) that has been previously dated by LA-ICP-MS using 
GJ-1 as the reference material (Keyser et al., 2019), and (2) obtain new, higher accuracy and 
precision age data for such rocks, to better inform models for ore deposit genesis and later 
events impacting on ore systems.   
 
Supplementary Materials  
Appendix tables LA 1-3: U/Pb downhole fractionation trends for hematite, HFO and GJ1-
Zircon. 
Appendix tables LA 4-5: HFO and GJ-1 calibrated natural hematite U/Pb data. 
Appendix table ID HFO: Extended ID-TIMS HFO tables. 
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CHAPTER 10: SUMMARY, RECOMMENDATIONS 
AND CONCLUDING REMARKS 
10.1 Summary and recommendations 
Recognising and reconstructing the events and processes culminating in ore deposit formation 
demands systematic study of the major, minor and trace minerals present. The advent of high-
precision geochronology and ultra-high resolution transmission electron microscopy has shed 
new light on such processes, the latter technique able to make or break a deposit-scale 
interpretation at the smallest scale of observation. The Olympic Dam Cu-U-Au-Ag deposit, 
considered one of the ‘archetypes’ for IOCG mineralisation (Hitzman et al., 1992), is a natural 
laboratory for understanding complex ore-forming processes, and particularly how 
geochronology, if applied to mineral geochronometers studied at micron- to nanoscales of 
observation, can constrain deposit formation (Courtney-Davies et al., 2019a, b, c, in review a, 
b). Defining when, and over what timescales the Olympic Dam deposit formed has been 
periodically proposed and reinterpreted, however, confident, precise constraints have been 
elusive, inhibited by alteration, complex structural relationships and Mesoproterozoic age. 
Therefore, novel mineral geochronometers and innovative methods of analysis are required to 
accurately measure the timing of ore formation and evolutionary stages recognised within 
IOCG and related systems.  
In this thesis and its component chapters, the composition and morphology of hydrothermal 
iron-oxides and magmatic zircon have been precisely measured and imaged from the scales of 
atoms to millimetres. The combination of studied minerals and analytical techniques applied, 
permits insights into events unfolding during the magmatic-hydrothermal transition of IOCG 
systems. Key geochronological constraints on the magmatic-hydrothermal history of the 
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Olympic Dam deposit and the wider Olympic Cu-Au province have been established with 
confidence for the first time. Presented U-Pb data elucidates a division between the magmatic 
and hydrothermal systems, providing insights into the timing and nature of mineralisation using 
a single mineral, traceable at the deposit-scale. Dissemination of an appraised, homogenous 
hematite reference material provides an opportunity for widespread, routine dating of iron-
oxide bearing mineral systems. Achievable precision in hematite geochronology is 
demonstrably equivalent or superior to conventional mineral geochronometers when applicable 
(e.g. apatite, titanite and rutile), cementing the utility of hematite as a new, robust, target phase 
for ore deposit geochronology.  
10.1.1 Geochronology of the Olympic Dam Cu-U-Au-Ag Deposit 
The sequence of dated events presented here builds upon a succession of geochronological 
studies at Olympic Dam over the past thirty years (Mortimer et al., 1988; Trueman et al., 1988; 
Creaser and Cooper 1993; Johnson 1993; Johnson and Cross, 1995; Jagodzinski, 2014; Huang 
et al., 2015; Ciobanu et al., 2013; Huang et al., 2015; Apukhtina et al., 2017; Cherry et al., 
2018a, and others). Coupled with dating of IOCG host rocks and hydrothermal assemblages 
across the eastern Gawler Craton (e.g. Jagodzinski, 2005; Skirrow et al., 2007; Davidson et al., 
2007; Reid et al., 2013; Bowden et al., 2017; Cherry et al., 2008), a province scale ore-forming 
event has been collectively constrained at ~1600 to 1585 Ma, broadly coeval with formation 
of the Gawler SLIP (Allen et al., 2008) 
 The lifespan of mineralisation and exactly how ‘coeval’ mineralisation and crystallisation 
of granite hosting the Olympic Dam deposit were, was investigated through combining high-
precision hematite and zircon (CA-)ID-TIMS. The sequence of events leading to formation of 
the Olympic Dam deposit, as discussed in Courtney-Davies et al. (in review a, b), are 
summarised here, with key geochronological constraints illustrated in Figure 10.1: 
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(i) Extension during the Gawler SLIP event induced crustal thinning and emplacement of large 
bodies of magma at upper crustal levels, below active GRV volcanoes.  Incorporated clasts 
of GRV within the Olympic Dam breccia complex were dated at 1594.63 Ma (zircon 
207Pb/206Pb).  
(ii) The Roxby Downs Granite, host to the Olympic Dam breccia complex, was emplaced at a 
depth of 6-8 km’s (Kontonikas-Charos et al., 2017), at 1593.3-1593.0 Ma (zircon 
207Pb/206Pb).    
(iii) Hydrothermal fluids accumulated in a supercritical state in the outer margins of the Roxby 
Downs Granite during the late stages of granite emplacement, whereby localised fluid 
release formed the deposits ‘outer shell’ and earliest zoned-hematite  at 1591.27 Ma 
(207Pb/206Pb), ~1-2 Ma after the youngest measured Roxby Downs Granite zircon 
crystallised.  
(iv) Regional-scale tectonic activity triggered uplift of the RDG via faults to shallower depths, 
initiating depressurisation and the main phase of hydrothermal fluid release and hydraulic 
brecciation. The granite cupola collapsed and the ore body formed within. Hydrothermal 
activity was sustained until at least 1589.95 Ma. During uplift of the granite, ~1760 Ma Fe-
rich protoliths were mechanically incorporated in the deposit outer shell. 
Although there is widespread evidence for post ~1590 Ma events impacting on the eastern 
Gawler Craton, likely contributing to cycles of U and Cu remobilisation and new mineral 
growth at Olympic Dam (e.g. Trueman et al., 1988; Johnson, 1993, Meffre et al., 2010; Maas 
et al., 2011; Kirchenbaur et al., 2016, and several others), multiple, major episodes of metal 
introduction have not yet been geochronologically constrained in detail. Timing of the major 
mineralising event at Olympic Dam has been refined here, using a hydrothermal mineral with 
a traceable geochemical signature (Verdugo-Ihl et al., 2017).  




Figure 10.1: 207Pb/206Pb weighted average and probability diagram displaying key geochronological 
constraints between the magmatic and hydrothermal systems at Olympic Dam. The weighted 
average diagram at the bottom of the figure contains all data presented in the upper diagram (1 to 8), 
but also additional, lower precision hematite dates from Courtney-Davies et al. (2019a). Figure 
modified from Courtney Davies et al. (in review a). 
 Constraining a comprehensive high-resolution geochronological framework for multiple 
IOCG systems from across the Olympic Cu-Au province is unrealistic if microbeam dating 
methods alone (LA-ICP-MS and SHRIMP) are used, since the levels of analytical precision 
attainable are generally lower than the lifespan of events being measured. Granitophile 
element-bearing zoned hematite has been recognised outside Olympic Dam at the Wirrda Well 
and Acropolis IOCG prospects (Courtney-Davies et al., 2019b), and is likely a ubiquitous 
component of South Australian IOCG systems. To better address the timing of IOCG formation 
at a provincial scale, zoned hematite from several deposits and prospects should be identified 
and dated via ID-TIMS, coupled with CA-ID-TIMS dating of host or nearby Hiltaba Suite 
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intrusions. Furthermore, Hiltaba Suite intrusions are likely diachronous, even within single 
batholiths, potentially forming as rapidly emplaced clusters of intrusions, a common feature of 
porphyry Cu systems (e.g. Von Quadt et al., 2011). High-precision dating of barren, 
mineralised, felsic and more mafic Hiltaba Suite intrusions may uncover a timing factor 
controlling formation of large IOCG systems. Future CA-ID-TIMS dating in the region should 
preferably be undertaken using EARTHTIME tracer solutions (Condon et al., 2015; McLean 
et al., 2015) in order to compare U-Pb data systematically. The 238U/235U ratio within U-bearing 
terrestrial minerals differs, impacting on accuracy of geochronological data when all minerals 
are treated with the same value. It is probable that the 238U/235U value in zoned hematite from 
Olympic Dam diverges from the accepted value of 137.818 ± 0.045 obtained from zircon (Hiess 
et al., 2012), as isotopic fractionation associated with magmatic and hydrothermal 
crystallisation processes fluctuate. Therefore, high-precision measurements of 238U/235U should 
be obtained from zoned hematite, as even a slight change in the value can have large 
perturbations for age interpretations, as demonstrated in Courtney-Davies et al. (in review a). 
10.1.2 Zircon evolution in U-rich IOCG systems  
A wealth of chemical and micro-structural information recording the genesis of ore deposits 
can be obtained from zircon. Improved spatial resolution and Z-contrast techniques in micro-
analysis has exposed atomic structures and defects in minerals by imaging of focused ion beam 
(FIB) prepared TEM-foils, using high‐angle annular dark field scanning transmission electron 
microscopy (HAADF STEM; Ciobanu et al., 2016; Cook et al., 2017). Micron-to-nanoscale 
structures, nanoprecipitates and concentrations of non-formulae elements imaged and 
measured within magmatic zircon, are symptomatic of hydrothermal fluid interaction 
(Courtney-Davies et al., 2019c). This research is within the scope of the overarching study, as 
it provides a geochemical fingerprint of the magmatic-hydrothermal transition in IOCG 
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deposits. Chlorine, one of the main complexing ligands for hydrothermal transport of metals, 
is recurrently imaged within zircon-hosted nanoprecipitates, following primary magmatic 
zonation patterns, along with substitution of lattice-bound ‘non-formulae’ elements Fe and Ca, 
the result of early metasomatism. These features volumetrically increase in granites of different 
age with proximity to Olympic Dam, and represent a potential pathfinder to mineralisation 
associated with fertile granites. There exists potential for similar features to be identified within 
zircon from any other deposit types involving metasomatic alteration. 
 A preliminary study of zircon hosted within high-grade bornite ore from Olympic Dam 
opens several intriguing questions about the ‘robustness’ of this mineral chronometer relative 
to hematite in the context of a high-U environment. Studied bornite ore is intergrown with 
hematite (including zoned hematite, dated at 1595 ± 18 Ma; Courtney-Davies et al., 2016), with 
minor apatite and coarse-grained zircon. The dated hematite has some of the highest U 
concentrations at Olympic Dam (up to 5 wt. % UO2) and is free of U- or Pb-mineral inclusions 
down to the nanoscale (Ciobanu et al., 2013). In contrast, all zircon is brecciated and metamict, 
retaining primary zonation patterns, but displaying radial cracks, often propagating from 
conspicuous ‘dark domains’ towards grain cores, with xenotime overgrowths forming and 
crosscutting the zonation patterns (Figure 10.2A).  
 EPMA mapping of zircon shows elevated concentrations of Th, REY, non-formulae 
elements and exceptionally high of UO2 (~5 wt. %) within the dark domain crosscutting 
zonation (Figure 10.2B). Nanoscale study of a FIB-prepared sample across the U-rich domain 
shows the presence of two types of domains with strong contrast on both HAADF and BF 
STEM images (Fig. 10.3A, C). STEM-EDS element maps show chemical differences between 
the two domains, whereby the ‘dark’, U-rich domain is depleted in the two essential elements, 
Zr and Si, accounting for its darker colour on the HAADF STEM image (Fig. 10.3.B). The 
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brighter domain contains chloro-hydroxy-zircon nanoprecipitates and primary zoning as 
previously shown for magmatic zircon with early metasomatic overprint (Courtney-Davies et 
al., 2019c). There is no continuous overlap in distribution between any of the non-formulae 
elements Fe, Ca, Al, Ba and Cl, however, all are enriched within the dark, U-rich domain and 
interconnecting veinlets, apart from Fe, which is highest in the primary domain (Fig. 10.3D). 
REE and Y are enriched within the dark domain, particularly Y, where xenotime nanoparticles 
have nucleated across the dark domain, displaying a correlation with elevated Ca.   
 
Figure 10.2. (A) BSE image of high-U zircon with a xenotime overgrowth from the Olympic Dam 
orebody. (B) EPMA maps displaying the distribution of minor to trace elements in zircon. Note the 
high-U domains within dark domains (marked by white line) crosscutting zonation patterns. 
Abbreviations: Hm – hematite; Xt – xenotime. 
Interestingly, U and Th are both enriched within the dark domain, seemingly uniformly, albeit 
with U at far higher concentration, while Pb displays no apparent enrichment within the dark 
domain compared to the primary zoned zircon. 




Figure 10.3: (A) BSE image showing the marked location of the FIB cut. (B) HAADF and (C) bright-
field STEM images of the foil, location of chloro-hydroxy-zircon nanoprecipitates marked with red 
box. (D) STEM-EDS maps for selected elements displaying both positive and negative correlations 
between certain elements. 
High-resolution imaging of the high-U, dark domain shows low crystallinity around areas 
of amorphisation (Fig. 10.4A, B). In contrast, material from the bright, primary-zoned domain 
is crystalline, however, defects are present (screw dislocations), evident from the ‘splitting’ of 
atom columns to form separate atom rows (Figure 10.4C). 




Figure 10.4: (A) HAADF STEM image of zircon showing a boundary between a low crystallinity 
(lower) to semi-crystalline domain (upper), marked by a white dotted line. (B) Fast Fourier Transform 
pattern of the poorly crystalline domain (top right) and higher resolution HAADF STEM image 
(location marked in A) of the low crystallinity domain. (C) HAADF STEM image of defect in the bright, 
primary zircon displaying screw dislocations.  
The micro- to nanoscale features and composition of zircon within the Olympic Dam 
orebody indicate a long history of hydrothermal fluid interaction, after the principal ore-
forming event at ~1590 Ma. Such zircons are not hydrothermal in origin, based upon the 
primary magmatic zonation patterns throughout the grains and the composition of primary 
zones being comparable to zircon hosted in unmineralised Roxby Downs Granite (Courtney-
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Davie et al., 2019c). Zircon underwent early Fe-Cl metasomatism, forming chloro-hydroxy 
zircon nanoprecipitates and pores throughout zonation patterns at ~1590 Ma. Early 
metasomatism and brecciation of grains will inherently destabilise the zircon structure, 
possibly allowing high-U fluids to penetrate the zircon, dissolving and reprecipitating high-U 
domains within least stable areas. 
Alternatively, zones or domains highest in magmatically incorporated U during primary 
crystallisation, accumulated high-levels of radiation damage, becoming crystalline-amorphous. 
At this stage, remobilised high-U fluids infiltrated the zircon along pathways opened by the 
swelling cracks, forming the conspicuous high-U domains. The calculated alpha-dose required 
for ‘average’ Roxby Downs Granite zircon to reach the first percolation point (Salje et al., 
1999; Ríos et al., 2000), the onset of metamictisation, is ~100 Ma post-crystallisation. 
The low correlation between non-formulae elements within the dark domain, indicate 
multiple fluid remobilisation events could have interacted with such zircon. Dating of the 
bright, primary zonation patterns within such zircon via LA-ICP-MS generated an 
unexpectedly young U/Pb upper intercept and 207Pb/206Pb date at ~1350 Ma (Ciobanu et al., 
2013). Considering that this is not a late hydrothermal zircon, such a date may represent one 
of two possible scenarios; (1) either a thermal event at ~1350 Ma heterogeneously annealed 
such zircons, resetting U-Pb systematics, but failed to recover the highest-U most amorphous 
domains; or (2) the intercept date represents the timing of Pb-loss, during an unidentified 
regional scale tectono-thermal event, also recorded in monazite (Davidson et al., 2007) and 
apatite (Cherry et al., 2018b) within the Olympic Dam district. 
Further studies are required to underpin the chemical and temporal evolution of such zircon. 
However, presented data demonstrates a protracted hydrothermal system at Olympic Dam, 
remobilising elements during multiple stages – and possibly semi-continuously given the 
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availability of surficial waters and heat from radioactive decay. Other nanoscale studies of 
zircon commonly report formation of Pb-bearing nanoparticles within altered or metamict 
zircon (Utsunomiya et al., 2004; Seydoux‐Guillaume et al., 2015). Here, the only nanoparticles 
imaged comprise Y-bearing phases, without apparent Pb enrichment. This may be due to a 
complete loss of Pb from the zircon. When considering that Pb contents within the U-rich 
domain are indistinguishable from primary zones, it is likely that Pb is being continually lost 
until the present day. Despite prolonged hydrothermal activity post-1590 Ma, zoned hematite 
within the same hand specimen as the discussed zircon is dateable, retaining primary U-Pb 
systematics and reinforcing the refractory behaviour of hematite as a geochronometer within 
such environments. Due to the difficulty in imaging amorphous zircon, clear images of the 
metamict state are sparse, and most commonly acquired using S/TEM. Here we present 
HAADF STEM images representing some of the highest resolution images of metamictisation 
known. 
 Future studies would benefit from the use of nanometre-resolution secondary ion mass 
spectrometry (nanoSIMS; e.g. Rollog et al., 2019). This technique permits isotope mapping of 
pre-selected zircon grains, to better understand the grain-scale distribution of U, and how, or 
if, Pb and other radionuclides migrate away from the highest U domains. A systematic study 
of zircon composition and age throughout the Olympic Dam orebody will place better 
constraints on the timing and nature of element remobilisation events.  
10.1.3 Development of hematite U-Pb reference material  
The overarching aim of this project was identification of natural, or synthesis of, homogenous 
hematite U-Pb reference material, in order to calibrate U/Pb in unknowns routinely, using fast, 
cost-effective microbeam methods. Suitable natural material was not identified due to the 
nature of available samples, therefore, a novel synthesis method was developed (Courtney 
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Davies et al., 2019d). This involved a doping solution of uranyl and lead nitrates, added to, and 
absorbed by, a suspension of colloidal hydrated ferric oxide particles. The doped material was 
dried at 50 °C to produce solid chips several millimetres in thickness, followed by heating, and 
holding for several hours at 700 °C, converting the doped hydrated ferric oxide to α-Fe2O3, as 
confirmed by X-ray powder diffraction. Initial tests of inter- and intra- grain U/Pb homogeneity 
by LA-ICP-MS spot analysis and isotope mapping produced encouraging results, warranting 
higher precision measurement of the hematite reference material (HFO) by ID-TIMS. Laser 
ablation micro-sampling of thirteen grain domains across four chips of HFO, measured by ID-
TIMS, yielded high-precision individual analyses, with a slight U/Pb over-dispersion. 
Measured heterogeneity was traced to a single chip, and outliers in the data were excluded on 
a rational basis. Representative 207Pb/206Pb, 206Pb/238U and 207Pb/235U calibration value were 
assigned to the reference material within software data reduction packages. The material was 
subsequently used to calibrate U/Pb in hematite grains from Olympic Dam, independently 
measured by ID-TIMS, providing a high precision baseline of geochronological data, used to 
compare accuracy of data obtained from the same dated grains, calibrated using both HFO and 
zircon reference materials. Preliminary implementation of HFO indicates advantages over 
zircon reference material, demonstrated by the notably higher accuracy and precision of U/Pb 
upper intercept dates. This is significant for hematite U-Pb geochronology, as intercepts are 
often the most suitable form of date used in age interpretation, as demonstrated for low U, 
common Pb rich banded iron formation samples (Keyser et al., 2019). 
Further appraisal of the reference material and refinement of analysis conditions are required 
prior to making the material available to the wider community. Future work will explore 
refinement of LA-ICP-MS analysis parameters, in order to better match the HFO downhole 
U/Pb fractionation profiles to natural hematite samples. This can be achieved by reducing the 
fluence applied during analysis of HFO and by matching the volume of material that is ablated. 
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Reduction in 206Pb/238U downhole fractionation will result in more accurate LA-ICP-MS data 
when compared to ID-TIMS results for natural hematite. Systematic uncertainties and error 
propagation strategies must be developed and applied initially to the ID-TIMS HFO preferred 
values. Importantly, they can also be applied to hematite U/Pb data obtained when using HFO 
as the reference material (e.g. calibration of ID-TIMS tracer, uncertainties applied when using 
bulk versus microbeam methods, 238U/235U). This will ensure transparency and comparability 
of generated data-sets between analysis methods and appropriate levels of applied uncertainty. 
Currently, only LA-ICP-MS data obtained from high-U, relatively homogeneous samples of 
hematite has been calibrated using HFO. Comparison of results between HFO and zircon 
reference materials for lower U, more open system samples, and those characteristically rich 
in common Pb (e.g. low-U banded iron formation) will provide better insight into the accuracy 
of the reference material using a far more common variety of hematite.  
10.2 Concluding remarks 
The content of this thesis contributes to and compliments the extraordinary wealth of 
information that has been obtained from iron-oxide minerals within the Olympic Dam deposit 
in recent years (Ciobanu et al., 2013, 2019; Dmitrijeva et al., 2019; Verdugo-Ihl et al., 2017, 
2019, in press). Collectively, these data have provided new, innovative insights into deposit 
mineralogy, geochronology, geochemistry and ultimately, ore genesis. Importantly, the results 
and methodologies described here are transferrable to ore deposit research elsewhere in the 
eastern Gawler Craton but also in analogous terranes worldwide, through appraisal of the 
hematite geochronometer and reference material, application of nanoscale techniques 
uncovering deposit-to-district-scale processes and characterization of mineral system 
pathfinders.  
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Key conclusions from the conducted research in this thesis include:  
1. Hematite can retain a closed U-Pb system since crystallisation, generating concordant 
datapoints and 207Pb/206Pb ages of up to ~0.05 % precision by ID-TIMS, the highest 
currently reported precision for a hydrothermal mineral in any IOCG system. The iron-oxide 
has proven to be remarkably robust mineral geochronometer, demonstrated by the new ID-
TIMS method presented. This presents an opportunity to investigate ore deposit 
geochronology using a new, robust tool.  
2. The Olympic Dam orebody formed principally during a major, single IOCG ore-forming 
event, lasting at least ~2 Ma. The hydrothermal system was initiated at 1591.3 Ma, ~1-2 Ma 
after crystallisation of the deposits host granite at 1593.2 Ma.  
3. A generation of zoned, granitophile element rich hematite, related to the same fluid source 
and ore forming event, is a ubiquitous component of IOCG systems across the Olympic Cu-
Au province, which share a common crystallisation age of ~1590 Ma.  
4. U-bearing magnetite within Fe-rich lithologies are found within the Olympic Dam ‘outer 
shell’, representing first identification of a pre-1590 Ma protolith within the deposit. A 
connection between BIF-type units and IOCG mineralisation is presented, which may 
represent an additional, hitherto unrecognised source of metals. Furthermore, the 
applicability of magnetite to LA-ICP-MS U-Pb geochronology is explored here for the first 
time. 
5. Zircon within granites hosting IOCG mineralisation contain abundant chloro-hydroxy-
zircon nanoprecipitates, a fingerprint of early metasomatic alteration during the magmatic-
hydrothermal transition,  and a potential new exploration tool for locating fertile granites 
hosting IOCG-style mineralisation. The capacity for zircon to undergo such pervasive, early 
alteration, prior to any accumulation of radiation-damage, is acknowledged here for the first 
time. The texture and chemistry of zircon within the Olympic Dam orebody demonstrates 
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the pervasive nature of the hydrothermal system and long-lived remobilisation of elements. 
New images of the metamict state are presented, at some of the smallest-scale resolutions 
ever achieved, using a state-of-the-art Titan Themis S/TEM instrument. 
6. A homogeneous, U-Pb hematite reference material has been synthesised and characterised 
by ID-TIMS. Its application to LA-ICP-MS geochronology is confirmed, providing accurate 
data when compared to independent ID-TIMS analysis of unknowns. Pending further 
optimisation, such a hematite reference material will become available to the wider 
community for routine microbeam U-Pb geochronology.   
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Figure A2. (A) GRV breccia sampled from drillhole RD647. The isolated clast which was 
separated for zircon (CA-)ID-TIMS at the BGS is marked.  
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Simplified mass-balance calculations were conducted assuming an initial granitic melt source 
at 800 °C and at 2 kbar (~8 km depth) to assess the feasibility of fluid exsolution from this 
source as the cause of Cu mineralisation comparable to that of the Olympic Dam copper 
resource. Initial melt density was estimated using data presented in Lesher and Spera (2015) 
and average granite composition from assay data of fresh RDG (drillhole RD2488, with 
K2O/Na2O ratios (by wt.%/wt.%) <1.6) and initial H2O content (𝐶𝐻2𝑂
𝑚0 ) of 2.5 wt.% (i.e., 𝜌𝑚0= 
2,320 kg/m3). Assumed H2O content of the initial granitic melt is within the lower range of 
typical granitic melts (Clemens, 1984; Holtz et al., 2001). 
A melt volume (𝑉𝑚0) of 450 km
3 (15x10x3) is assumed, which can be considered a realistic 
estimate for the RDG volume. A total H2O exsolution percentage from the initial granitic melt 
(𝐸𝑚𝑜
𝐻2𝑂) of 95 % can be used, since the remaining 5% H2O (0.15 wt.% of the 2.5 wt.% total 
water) can supply the necessary water to crystallize the ~5 wt.% biotite+amphibole in RDG 
(Ehrig et al., 2012), if this is calculated using average H2O concentrations for the two minerals 
given in Cline and Bodnar (1991). The weighted average Cu content for the fresh RDG in the 
same drillhole is ~67 ppm Cu, with a median of 21 ppm. We assume that these values 
encompass the possible range of copper content in the parent RDG melt (𝐶𝐶𝑢
𝑚0). Experimental 
studies have shown wide variation of copper partitioning coefficients between granitic melts 
and coexisting aqueous fluids (𝐷𝐶𝑢
𝑓/𝑚
) dependant upon Cl concentration among other variables 
(Keppler and Wyllie, 1991; Bai and Koster van Groos, 1999); 𝐷𝐶𝑢
𝑓/𝑚
 can reach values >80.  
Different scenarios were calculated to test conditions that could reproduce the ~79.45 Mt Cu 
mineralisation reported for the Olympic Dam resource (10,892 Mt @ 0.73 wt% Cu; BHP, 
2019) by varying: 
(i) copper contents of the initial melt (𝐶𝐶𝑢
𝑚0: 20, 60 and 120 ppm Cu), and 
(ii) copper partitioning coefficient between granitic melt (RDG) and fluid (𝐷𝐶𝑢
𝑓/𝑚
: 2, 13 
and 80). 
The concentration of Cu in the exsolved fluid (𝐶𝐶𝑢
𝑓









𝑚 ,  where 𝐶𝐶𝑢
𝑚  the concentration of Cu in RDG, considered as a ‘residual 
melt’ relative to the initial melt. 
The mass fraction of the residual melt (RDG; 𝑀𝑚) and exsolved fluid ( 𝑀𝑓) are calculated as: 
(2) 𝑀𝑚 = 1 − 𝐶𝐻2𝑂
𝑚0 ∙ 𝐸𝑚0,  
(3) 𝑀𝑓 = 𝐶𝐻2𝑂
𝑚0 ∙ 𝐸𝑚0 . 
Then, the concentration of Cu in RDG (𝐶𝐶𝑢
𝑚 ) can be calculated as: 
(4) 𝐶𝐶𝑢
𝑚 = (𝐶𝐶𝑢




𝑚 , we can obtain the values of 𝐶𝐶𝑢
𝑓
 for the assumed 𝐷𝐶𝑢
𝑓/𝑚
 using equation (1). 
The mass of deposited copper (𝐶𝑢𝐷) can be then expressed as: 
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(5) 𝐶𝑢𝐷 = 𝑉𝑚0 ∙ 𝜌𝑚0 ∙ 𝑀𝑓 ∙ 𝐶𝐶𝑢
𝑓
. 
This formula gives however a simplified estimation of the metal extracted from the melt by 
fluid since it ignores the effects of Cu behaviour during melt crystallisation prior to fluid 
saturation and exsolution (Cline and Bodnar, 1991). Nonetheless, the efficiency of Cu stripping 
by the fluid from the initial melt (x) calculated as a ratio between 𝐶𝑢𝐷 and mass of Cu in 
parental melt gives values comparable (~70) as those reported in Cline and Bodnar (1991) for 
the porphyry Cu deposit at Yerington (Nevada, USA) when using smaller 𝐷𝐶𝑢
𝑓/𝑚
 than used for 
the fit here (9.1 as opposed to 80). 
 
Table B1. Summary of estimated 𝐶𝑢𝐷 for Olympic Dam 












km3 kg/m3 wt.% ppm % - % % ppm ppm Mt Mt % 
450 2,320 2.5 20 95 2 97.625 2.375 19.5 39.1 1.0 79.45 5 
450 2,320 2.5 60 95 2 97.625 2.375 58.6 117.2 2.9 79.45 5 
450 2,320 2.5 20 95 13 97.625 2.375 15.6 202.3 5.0 79.45 24 
450 2,320 2.5 120 95 2 97.625 2.375 117.2 234.4 5.8 79.45 5 
450 2,320 2.5 20 95 80 97.625 2.375 7.0 556.3 13.8 79.45 66 
450 2,320 2.5 60 95 13 97.625 2.375 46.7 607.0 15.1 79.45 24 
450 2,320 2.5 120 95 13 97.625 2.375 93.4 1214.0 30.1 79.45 24 
450 2,320 2.5 60 95 80 97.625 2.375 20.9 1668.8 41.4 79.45 66 
450 2,320 2.5 120 95 80 97.625 2.375 41.7 3337.7 82.8 79.45 66 
Parameters and their calculations according to equations (1)-(5) above. 
Best fit is highlighted in grey. Input variables in blue. 
References: 
Bai, T.., and Koster van Groos, A.., 1999. The distribution of Na, K, Rb, Sr, Al, Ge, Cu, W, 
Mo, La, and Ce between granitic melts and coexisting aqueous fluids. Geochimica et 
Cosmochimica Acta 63, 1117–1131. https://doi.org/10.1016/S0016-7037(98)00284-1 
BHP, 2019. BHP Annual Report 2019 316 pp, https://www.bhp.com/investor-centre/annual-
report-2019/. 
Clemens, J.D., 1984. Water contents of silicic to intermediate magmas. Lithos 17, 273–287. 
https://doi.org/10.1016/0024-4937(84)90025-2 
Cline, J.S., and Bodnar, R.J., 1991, Can economic porphyry copper mineralization be generated 
by a typical calc-alkaline melt?: Journal of Geophysical Research, v. 96, p. 8113.  
Ehrig, K., McPhie, J., and Kamenetsky, V., 2012, Geology and mineralogical zonation of the 
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Geologists, Special Publication, v. 16, p. 237-268. 
Holtz, F., Johannes, W., Tamic, N., and Behrens, H., 2001. Maximum and minimum water 
contents of granitic melts generated in the crust: a reevaluation and implications. Lithos 
56, 1–14. https://doi.org/10.1016/S0024-4937(00)00056-6 
Keppler, H., and Wyllie, P.J., 1991. Partitioning of Cu, Sn, Mo, W, U, and Th between melt 
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Lesher, C.E., and Spera, F.J., 2015. Thermodynamic and Transport Properties of Silicate Melts 
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ELECTRONIC APPENDIX A FOR CHAPTER 5 
 LA-ICP-MS U-Pb data for hematite. 
Prospect/sample ID Analysis ID 207Pb/235U  2σ abs  2σ sys* 206Pb/238U  2σ abs  2σ sys Corr. Coef. 207Pb/206Pb  2σ abs  2σ sys
MV070 HmZ - 1 3.66500 0.067 0.100 0.26460 0.004 0.005 0.25 0.10040 0.002 0.002
MV070 HmZ - 2 3.78200 0.047 0.090 0.26950 0.003 0.004 0.86 0.10022 0.000 0.001
MV070 HmZ - 3 4.11100 0.041 0.092 0.29900 0.003 0.004 0.19 0.09953 0.001 0.001
MV070 HmZ - 4 3.93300 0.053 0.095 0.28560 0.004 0.005 0.68 0.09920 0.001 0.001
MV070 HmZ - 5 3.74600 0.041 0.086 0.27170 0.003 0.004 0.88 0.09913 0.000 0.001
MV070 HmZ - 6 3.76800 0.045 0.089 0.27530 0.004 0.005 0.88 0.09906 0.001 0.001
MV070 HmZ - 7 3.73900 0.048 0.089 0.27190 0.003 0.005 0.83 0.09894 0.001 0.001
MV070 HmZ - 8 4.02000 0.094 0.120 0.29610 0.005 0.006 0.92 0.09870 0.001 0.002
MV070 HmZ - 9 3.76600 0.072 0.100 0.27360 0.005 0.006 0.45 0.09850 0.001 0.002
MV070 HmZ - 10 3.65900 0.051 0.090 0.26600 0.004 0.005 0.66 0.09853 0.001 0.001
MV070 HmZ - 11 3.40000 0.100 0.120 0.24970 0.007 0.008 0.98 0.09841 0.001 0.001
MV070 HmZ - 12 4.00500 0.081 0.110 0.29180 0.005 0.006 0.62 0.09850 0.002 0.002
MV070 HmZ - 13 4.05300 0.068 0.110 0.29840 0.004 0.006 0.42 0.09850 0.001 0.002
MV070 HmZ - 14 3.78800 0.089 0.120 0.27450 0.005 0.006 0.61 0.09860 0.002 0.002
MV070 HmZ - 15 3.70600 0.052 0.091 0.26890 0.004 0.005 0.82 0.09843 0.001 0.001
MV070 HmZ - 16 3.75900 0.046 0.089 0.27350 0.003 0.005 0.83 0.09839 0.001 0.001
MV070 HmZ - 17 3.75500 0.044 0.088 0.27540 0.003 0.005 0.47 0.09818 0.001 0.001
MV070 HmZ - 18 3.56400 0.036 0.080 0.25990 0.002 0.004 0.50 0.09845 0.001 0.001
Isotope Ratios
Wirrda Well/MV070
207Pb/235U  2σ abs  2σ sys 206Pb/238U  2σ abs  2σ sys 207Pb/206Pb  2σ sys Grain # 206Pb/204Pb U ppm Th ppm Pb ppm** Discrodancy (%) included 
1563.8 14 21 1513.3 20 26 1631.5 38 1.20E+05 181 1 26 -10
1588.9 10 19 1538.3 15 23 1628.2 21 4.60E+05 1416 17 223 6
1656.5 8.1 18 1686.3 13 22 1615.3 25 7.30E+05 1663 28 312 -4
1620.5 11 20 1619.5 18 25 1609.1 25 2 5.50E+05 2074 24 175 0
1581.3 8.7 18 1549.4 15 22 1607.8 21 3 1.11E+06 1590 27 211 4
1586.0 9.7 19 1567.6 19 25 1606.5 22 1.11E+06 2110 24 179 2
1579.8 10 19 1550.4 17 24 1604.2 22 1.24E+06 1860 28 212 4
1638.2 19 25 1671.9 23 29 1599.7 28 1.30E+06 1923 24 192 -4
1585.5 15 22 1559.0 25 30 1595.9 32 4.20E+06 559 17 133 2
1562.5 11 19 1520.5 19 25 1596.5 26 2.90E+06 537 7 57 5
1504.4 24 29 1436.9 37 40 1594.2 23 3.20E+06 3570 1 19 10
1635.2 16 23 1650.5 25 30 1595.9 34 6 2.50E+06 499 4 36 -3
1644.9 14 21 1683.4 20 27 1595.9 32 7 9.30E+06 1689 22 214 -5
1590.2 18 24 1563.6 27 32 1597.8 38 8.90E+06 233 2 20 1
1572.7 11 20 1535.2 18 24 1594.6 23 2.70E+05 529 9 77 5
1584.0 9.7 19 1558.5 16 23 1593.8 21 1.26E+06 1714 25 193 3
1583.2 9.2 18 1568.2 15 23 1589.8 25 9 2.80E+05 727 14 117 2






Grain 1 excluded from weighted average calculations
Yes








Prospect/sample ID Analysis # 207Pb/235U  2σ abs  2σ sys 206Pb/238U  2σ abs  2σ sys Corr. Coef. 207Pb/206Pb  2σ abs  2σ sys
ACR2.3 Hm - 1 3.73800 0.036 0.042 0.27530 0.003 0.003 0.809 0.09855 0.001 0.001
ACR2.3 Hm - 2 4.04600 0.059 0.063 0.29520 0.003 0.003 0.476 0.09850 0.001 0.002
ACR2.3 Hm - 3 3.80400 0.044 0.049 0.28140 0.003 0.003 0.815 0.09847 0.001 0.001
ACR2.3 Hm - 4 3.71800 0.050 0.054 0.27370 0.004 0.004 0.864 0.09842 0.000 0.001
ACR2.3 Hm - 5 4.22100 0.069 0.072 0.31450 0.004 0.004 0.245 0.09840 0.001 0.002
ACR2.3 Hm - 6 3.67100 0.040 0.044 0.27150 0.003 0.003 0.914 0.09825 0.000 0.001
ACR2.3 Hm - 7 3.65700 0.044 0.048 0.27150 0.003 0.003 0.886 0.09822 0.000 0.001
ACR2.3 Hm - 8 4.00300 0.046 0.050 0.29380 0.003 0.003 0.693 0.09821 0.001 0.001
ACR2.3 Hm - 9 3.73300 0.050 0.053 0.27680 0.004 0.004 0.947 0.09807 0.001 0.001
ACR2.3 Hm - 10 3.74600 0.043 0.048 0.27740 0.003 0.003 0.886 0.09785 0.000 0.001
ACR2.3 Hm - 11 3.69300 0.044 0.048 0.27200 0.003 0.004 0.899 0.09781 0.000 0.001
ACR2.3 Hm - 12 3.85100 0.084 0.087 0.28360 0.004 0.004 0.355 0.09790 0.002 0.002
ACR2.3 Hm - 13 4.32000 0.140 0.140 0.30900 0.007 0.007 0.293 0.10010 0.003 0.003
ACR2.3 Hm - 14 4.46000 0.140 0.150 0.32750 0.007 0.007 0.702 0.09760 0.001 0.002
ACR2.3 Hm - 15 13.6000 1.900 1.900 0.42500 0.036 0.036 0.484 0.20700 0.024 0.024
ACR2.3 Hm - 16 5.16000 0.170 0.170 0.31470 0.008 0.008 0.640 0.12530 0.004 0.004
ACR2.3 Hm - 17 5.68000 0.370 0.370 0.33100 0.014 0.014 0.406 0.12020 0.005 0.005
ACR2.3 Hm - 18 6.26000 0.420 0.420 0.37100 0.015 0.015 0.320 0.12040 0.008 0.008
ACR2.3 Hm - 19 4.75000 0.190 0.190 0.32700 0.007 0.007 0.683 0.10580 0.003 0.003
ACR2.3 Hm - 20 5.32000 0.510 0.510 0.38200 0.018 0.018 0.182 0.10200 0.009 0.009
ACR2.3 Hm - 21 4.27000 0.150 0.150 0.30000 0.006 0.006 0.062 0.10330 0.003 0.003
ACR2.3 Hm - 22 5.69000 0.790 0.790 0.36100 0.032 0.033 0.210 0.11200 0.016 0.016
ACR2.3 Hm - 23 5.61000 0.840 0.840 0.38100 0.052 0.052 0.855 0.09860 0.006 0.006
ACR2.3 Hm - 24 4.15000 0.170 0.170 0.30700 0.005 0.006 0.257 0.09860 0.004 0.004
ACR2.3 Hm - 25 3.96000 0.150 0.150 0.30900 0.012 0.012 0.015 0.09570 0.004 0.004
ACR2.3 Hm - 26 4.49000 0.850 0.850 0.31500 0.035 0.035 0.020 0.10500 0.019 0.019
Isotope Ratios
Acropolis/ACR2.3
207Pb/235U  2σ abs  2σ sys 206Pb/238U  2σ abs  2σ sys 207Pb/206Pb  2σ sys 206Pb/204Pb U PPM Th PPM Pb PPM Discrodancy (%) age calculation
1579.5 7.9 9.1 1567.6 13 15 1596.9 22 8.00E+05 1630 0 7 2
1643.5 12 13 1667.5 13 16 1595.9 32 9.00E+06 128 0 0 -5
1593.6 9.7 11 1598.4 13 16 1595.4 23 2.00E+05 1790 0 6 0
1575.3 11 12 1559.6 19 20 1594.4 22 3.00E+06 3280 1 8 2
1678.1 13 13 1762.8 17 19 1594.0 28 3.40E+06 477 1 19 -10
1565.1 8.8 9.8 1548.4 14 16 1591.2 21 2.30E+05 4040 0 78 3
1562.0 9.5 10 1548.4 15 17 1590.6 21 3.40E+04 3040 0 12 3
1634.8 9.1 10 1660.5 13 15 1590.4 23 3 8.00E+06 1380 0 15 -4
1578.5 11 12 1575.2 18 20 1587.7 22 1.20E+06 3400 1 5 1
1581.3 9.4 10 1578.3 14 16 1583.5 21 2.90E+06 3270 0 2 1
1569.9 9.4 10 1550.9 16 18 1582.8 22 4.80E+06 1727 0 22 3
1603.5 19 19 1609.5 19 21 1584.5 46 3.00E+06 51 0 2 -3
1697.2 27 28 1735.8 33 34 1625.9 51 5 3.06E+04 106 0 3 -11
1723.6 21 22 1826.3 33 34 1578.8 30 6 7.00E+04 770 0 17 -15
2722.3 140 140 2283.1 160 160 2882.2 190 2.00E+04 30 0 31 6
1846.0 28 29 1763.8 38 39 2033.0 55 2.90E+04 31 0 59 12
1928.3 57 57 1843.2 69 70 1959.2 76 1.90E+05 86 0 48 2
2012.9 51 51 2034.1 68 69 1962.2 110 1.00E+05 85 0 159 7
1776.1 33 33 1823.8 31 33 1728.3 54 7.00E+03 42 0 20 -8
1872.1 96 97 2085.6 84 85 1660.8 180 3.00E+04 4.6 0 4 23
1687.6 29 29 1691.3 30 31 1684.2 64 1.70E+05 42 0 18 -4
1929.9 120 120 1986.9 150 150 1832.1 260 2.30E+04 2.18 0 0 -30
1917.6 150 150 2081.0 250 250 1597.8 180 1.10E+04 6.9 0 0 -22
1664.2 33 34 1725.9 26 28 1597.8 76 5.90E+04 23 0 1 -13
1626.0 32 32 1735.8 53 53 1541.9 82 10 2.60E+05 37 0 0 -18
1729.1 180 180 1765.3 170 170 1714.3 380 11 2.20E+04 1.59 0 0 20















* 2σ sys refers to systematic uncertainties included within the overall ratio or age uncertainty. This 
is propagated uncertainty within iolite data reduction relating to scatter between analyses of the 
standard. Abs uncertainty refers only to analytical uncertainties.  
** Pb refers to total Pb, although generally, 204 and 208 is very low 
Reference material data
Reference Material Analysis # 207Pb/235U  2σ abs  2σ sys 206Pb/238U  2σ abs  2σ sys Corr. Coef. 207Pb/206Pb  2σ abs  2σ sys 207Pb/235U  2σ abs  2σ sys 206Pb/238U  2σ abs  2σ sys 207Pb/206Pb  2σ sys
GJ - 1.d 0.82000 0.015 0.022 0.09736 0.001 0.001 0.143 0.06100 0.001 0.001 607.9 8.3 12 598.9 4.1 8 635 44
GJ - 2.d 0.82300 0.015 0.022 0.09783 0.001 0.001 0.197 0.06080 0.001 0.001 609 8.1 12 601.6 3.7 7.8 632 44
GJ - 3.d 0.81400 0.013 0.021 0.09847 0.001 0.001 0.142 0.05970 0.001 0.001 604.9 7.2 12 605.4 3.3 7.6 592 41
GJ - 4.d 0.81100 0.014 0.022 0.09721 0.001 0.001 0.193 0.06000 0.001 0.001 602.8 8 12 598 3.4 7.6 610 44
GJ - 5.d 0.80800 0.014 0.022 0.09792 0.000 0.001 0.124 0.06000 0.001 0.001 601.9 7.9 12 602.2 2.7 7.4 606 44
GJ - 6.d 0.81600 0.014 0.022 0.09758 0.001 0.001 0.239 0.06050 0.001 0.001 605.6 7.9 12 600.2 3.5 7.7 620 44
GJ - 7.d 0.82100 0.012 0.021 0.09872 0.001 0.001 0.071 0.05980 0.001 0.001 608.6 6.9 11 606.9 3.2 7.6 604 41
GJ - 8.d 0.82200 0.014 0.022 0.09763 0.001 0.001 0.155 0.06060 0.001 0.001 608.1 7.9 12 600.5 3 7.5 625 43
GJ - 9.d 0.83000 0.013 0.021 0.09896 0.001 0.001 0.107 0.06062 0.001 0.001 612.7 7.4 12 608.6 3.2 7.7 622 42
GJ - 10.d 0.79800 0.015 0.022 0.09726 0.001 0.001 0.223 0.05940 0.001 0.001 595.7 8.3 12 598.3 3.1 7.5 574 45
GJ - 11.d 0.82400 0.016 0.023 0.09811 0.001 0.001 0.121 0.06040 0.001 0.001 609.1 8.7 13 603.3 3.6 7.8 616 45
GJ - 12.d 0.82700 0.018 0.024 0.09763 0.001 0.001 0.111 0.06100 0.001 0.001 612.2 9.7 13 600.5 2.9 7.5 635 50
GJ - 13.d 0.81100 0.014 0.022 0.09825 0.001 0.001 0.053 0.05960 0.001 0.001 602.8 7.7 12 604.1 3.5 7.7 604 41
GJ - 14.d 0.80800 0.013 0.021 0.09761 0.001 0.001 0.162 0.06008 0.001 0.001 601.6 7.3 12 600.4 3.4 7.7 606 42
GJ - 15.d 0.80500 0.013 0.021 0.09831 0.001 0.001 0.036 0.05920 0.001 0.001 600.5 7.5 12 604.5 3.3 7.7 578 43
GJ - 16.d 0.81700 0.015 0.022 0.09788 0.001 0.001 0.047 0.06020 0.001 0.001 605.1 8.4 12 601.9 3.8 7.9 607 46
GJ - 17.d 0.81300 0.013 0.021 0.09700 0.000 0.001 0.057 0.06022 0.001 0.001 603.5 7.3 12 596.8 2.9 7.4 615 40
GJ - 18.d 0.79800 0.012 0.020 0.09697 0.000 0.001 -0.114 0.05899 0.001 0.001 594.9 6.8 11 596.6 2.8 7.4 568 41
GJ - 19.d 0.79700 0.015 0.022 0.09766 0.001 0.001 0.196 0.05900 0.001 0.001 594.1 8.6 12 600.6 3.4 7.7 561 46
GJ - 20.d 0.81600 0.015 0.022 0.09753 0.001 0.001 0.206 0.06060 0.001 0.001 605.7 8.2 12 599.9 3.7 7.8 615 43
GJ - 21.d 0.80500 0.013 0.021 0.09776 0.001 0.001 -0.050 0.05953 0.001 0.001 598.6 7.3 12 601.2 2.9 7.5 587 43
GJ - 22.d 0.82400 0.014 0.022 0.09846 0.001 0.001 0.010 0.06030 0.001 0.001 609.4 7.7 12 605.3 3.4 7.7 617 45
GJ - 23.d 0.83600 0.015 0.023 0.09857 0.000 0.001 0.236 0.06100 0.001 0.001 615.7 8.5 13 606 2.9 7.5 629 44
GJ - 24.d 0.81200 0.014 0.022 0.09752 0.001 0.001 0.109 0.06040 0.001 0.001 604.4 7.7 12 599.8 3.1 7.5 609 45
GJ - 25.d 0.83700 0.016 0.023 0.09872 0.001 0.001 0.278 0.06080 0.001 0.001 617.2 8.6 13 606.9 3.2 7.6 653 43
GJ - 26.d 0.82000 0.015 0.022 0.09767 0.000 0.001 -0.001 0.06050 0.001 0.001 608 8.3 12 600.7 2.8 7.4 621 46
GJ - 27.d 0.80800 0.013 0.021 0.09779 0.001 0.001 0.028 0.05960 0.001 0.001 601.9 7.3 12 601.8 3.3 7.5 599 43
GJ - 28.d 0.80300 0.013 0.021 0.09678 0.001 0.001 0.015 0.06000 0.001 0.001 598 7.4 12 595.5 3.3 7.6 609 42
GJ - 29.d 0.82500 0.014 0.022 0.09861 0.001 0.001 0.107 0.06020 0.001 0.001 610.2 7.9 12 606.2 3.1 7.6 608 42
GJ - 30.d 0.81700 0.015 0.022 0.09731 0.001 0.001 0.056 0.06050 0.001 0.001 607 8.6 13 598.6 3.2 7.6 630 45
GJ - 31.d 0.83400 0.013 0.021 0.09882 0.001 0.001 0.058 0.06110 0.001 0.001 615.8 7.2 12 607.4 3.4 7.7 640 44
GJ - 32.d 0.81700 0.013 0.021 0.09838 0.001 0.001 0.005 0.06030 0.001 0.001 605.4 7.5 12 604.9 3.2 7.6 606 43
GJ - 33.d 0.81600 0.015 0.022 0.09827 0.001 0.001 -0.049 0.05990 0.001 0.001 604.8 8.5 13 604.2 3 7.5 601 48
GJ - 34.d 0.81300 0.014 0.021 0.09728 0.000 0.001 0.125 0.06020 0.001 0.001 603.1 7.7 12 598.4 2.8 7.4 609 44
GJ - 35.d 0.80700 0.015 0.022 0.09906 0.001 0.001 -0.052 0.05910 0.001 0.001 600.8 8.5 13 608.9 3.4 7.7 567 49
GJ - 36.d 0.80900 0.014 0.022 0.09639 0.001 0.001 0.169 0.06100 0.001 0.001 602.1 8.2 12 593.2 3.2 7.5 632 44
U/Pb DatesIsotope Ratios
GJ-1 Zircon
Plseovice - 1.d 0.39750 0.007 0.010 0.05348 0.000 0.001 0.306 0.05335 0.001 0.001 339.5 4.7 7.5 335.8 1.9 4.3 337 42
Plseovice - 2.d 0.38870 0.006 0.010 0.05350 0.000 0.001 0.118 0.05269 0.001 0.001 333.6 4.4 7.2 335.9 1.7 4.3 305 42
Plseovice - 3.d 0.40640 0.007 0.011 0.05357 0.000 0.001 0.161 0.05466 0.001 0.001 346.4 5 7.8 336.4 1.7 4.3 398 43
Plseovice - 4.d 0.40020 0.006 0.010 0.05358 0.000 0.001 0.113 0.05381 0.001 0.001 342 4.4 7.4 336.5 1.4 4.2 364 41
Plseovice - 5.d 0.40060 0.006 0.010 0.05416 0.000 0.001 0.118 0.05335 0.001 0.001 341.8 4.1 7.2 340 2 4.4 344 42
Plseovice - 6.d 0.40180 0.006 0.010 0.05397 0.000 0.001 0.114 0.05352 0.001 0.001 342.7 4.4 7.3 338.8 1.7 4.3 356 43
Plseovice - 7.d 0.39740 0.006 0.010 0.05351 0.000 0.001 0.117 0.05355 0.001 0.001 339.5 4.4 7.3 336 1.9 4.3 342 42
Plseovice - 8.d 0.39130 0.006 0.010 0.05381 0.000 0.001 0.145 0.05261 0.001 0.001 335.1 4.2 7.1 337.8 1.7 4.3 303 41
Plseovice - 9.d 0.39400 0.007 0.011 0.05345 0.000 0.001 0.198 0.05370 0.001 0.001 337.4 5.1 7.8 335.7 1.9 4.3 346 45
Plseovice - 10.d 0.39600 0.007 0.010 0.05340 0.000 0.001 0.056 0.05358 0.001 0.001 338.4 4.7 7.5 335.4 1.7 4.3 353 46
Plseovice - 11.d 0.39170 0.006 0.010 0.05376 0.000 0.001 0.042 0.05282 0.001 0.001 335.3 4.4 7.3 337.6 1.6 4.2 319 42
Plseovice - 12.d 0.40460 0.007 0.011 0.05366 0.000 0.001 0.196 0.05438 0.001 0.001 344.6 5.2 7.9 337.1 1.6 4.3 382 45
Plseovice - 13.d 0.39400 0.007 0.011 0.05380 0.000 0.001 0.136 0.05280 0.001 0.001 337.4 5.3 7.8 337.8 1.8 4.3 308 48
Plseovice - 14.d 0.39040 0.006 0.010 0.05384 0.000 0.001 0.090 0.05254 0.001 0.001 334.4 4.1 7 338.1 1.9 4.4 309 43
Plseovice - 15.d 0.38760 0.008 0.011 0.05391 0.000 0.001 0.115 0.05220 0.001 0.001 332.1 5.7 8.1 338.5 1.8 4.3 281 50
Plseovice - 16.d 0.40090 0.008 0.011 0.05412 0.000 0.001 0.155 0.05400 0.001 0.001 341.8 5.9 8.3 339.8 1.5 4.2 358 50
Plseovice - 17.d 0.39640 0.008 0.011 0.05431 0.000 0.001 0.175 0.05270 0.001 0.001 339.2 5.6 8 340.9 1.9 4.4 322 50
Plseovice - 18.d 0.39820 0.007 0.010 0.05447 0.000 0.001 0.163 0.05293 0.001 0.001 340 4.9 7.6 341.9 1.8 4.4 326 47
91500 - 1.d 1.85500 0.043 0.057 0.17750 0.002 0.003 0.069 0.07570 0.002 0.002 1062 15 20 1053.3 8.1 14 1074 53
91500 - 2.d 1.87000 0.041 0.056 0.17790 0.001 0.003 0.021 0.07610 0.002 0.002 1072 15 20 1055.2 6.7 13 1100 52
91500 - 3.d 1.85200 0.042 0.056 0.17600 0.001 0.003 0.143 0.07590 0.002 0.002 1065 15 20 1045.5 7.5 14 1090 52
91500 - 4.d 1.86000 0.044 0.058 0.17700 0.001 0.002 0.068 0.07540 0.002 0.002 1064 16 21 1050.7 6.1 13 1078 52
91500 - 5.d 1.87800 0.045 0.059 0.18070 0.001 0.003 0.039 0.07510 0.002 0.002 1073 16 21 1070.6 6.7 14 1064 55
91500 - 6.d 1.86000 0.045 0.059 0.17840 0.001 0.003 0.026 0.07490 0.002 0.002 1065 16 21 1058.1 7.3 14 1063 55
91500 - 7.d 1.84400 0.052 0.064 0.17860 0.002 0.003 0.213 0.07410 0.002 0.002 1058 18 22 1059.1 8.5 14 1065 59
91500 - 8.d 1.86200 0.043 0.057 0.18170 0.001 0.003 0.020 0.07380 0.002 0.002 1068 15 20 1076.7 6.1 13 1051 52
91500 - 9.d 1.89000 0.047 0.060 0.17610 0.001 0.003 0.054 0.07730 0.002 0.002 1075 16 21 1045.7 7.4 14 1119 55
Plesovice Zircon
91500 Zircon




ELECTRONIC APPENDIX B FOR CHAPTER 5
LA-ICP-MS spot analyses
Prospect/sample ID Analysis ID Mg Al Si P Ca Sc Ti V Cr Mn Co Ni Cu Zn Ga As Sr Y Zr Nb Mo Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREY Hf Ta W 206Pb 207Pb 208Pb Th U
MV70 - 1 78.3 394 150 6.82 <10 3.71 87.9 28.2 0.16 5.45 1.06 0.475 0.466 1.19 3.39 9.92 2.57 4.58 0.1 12.6 58.8 137 1.85 1.2 0.349 1.74 0.233 1.12 0.56 0.185 0.542 0.203 1.87 0.434 1.9 0.369 3.05 0.404 12.96 0.001 0.027 410 83.6 9.87 0.872 3.56 361
MV70 - 2 0.647 519 97.2 7.1 <10.9 6.13 46.4 23.5 0.405 2.49 0.323 0.842 0.095 0.5 1.39 4.24 0.214 0.085 0.058 1.84 6.71 22.6 0.332 0.186 0.048 0.164 0.012 0.06 0.021 0.003 0.02 0.004 0.024 0.008 0.016 0.003 0.007 0.003 0.39 0.004 0.016 40.4 0.635 0.15 0.31 0.003 1.6
MV70 - 3 308 137 92.8 6.9 <10.1 0.394 13.6 49.5 0.149 10.3 2.78 0.417 <0.022 0.82 3.04 2.41 0.564 8.34 0.042 92.4 112 253 5.12 0.083 0.26 1.24 0.063 0.328 0.24 0.032 0.595 0.196 2.02 0.562 2.83 0.609 6.47 1.27 16.72 <0.002 0.004 897 257 29.4 1.87 23.5 1080
MV70 - 4 64.3 466 215 5.69 41.1 3.76 79.4 39.1 0.479 4.39 1.54 0.571 0.23 0.92 3.59 4.37 1.03 0.663 0.084 10.9 238 141 0.947 0.466 0.192 0.573 0.051 0.203 0.085 0.039 0.068 0.03 0.291 0.074 0.367 0.058 0.499 0.074 2.60 0.005 0.015 1370 18.4 2.14 0.26 0.777 72.7
MV70 - 5 370 146 61.2 7.32 25 0.432 7.26 67.1 <0.093 11.1 3.21 0.249 0.37 0.383 3.38 1.27 0.05 10 0.033 135 122 284 5.15 0.018 0.519 3.18 0.151 0.926 0.49 0.057 0.927 0.243 2.34 0.676 3.24 0.714 7.29 1.4 22.15 0.006 0.003 989 271 31 2.63 32.7 1150
MV70 - 6 154 43.5 39.3 7.3 <8.82 0.296 1.16 6.75 0.094 5.44 1.92 0.269 <0.019 0.174 2.12 0.19 0.035 1.34 0.005 3.6 163 180 3.38 0.001 0.012 0.08 0.004 0.008 0.014 0.003 0.046 0.018 0.224 0.103 0.545 0.139 1.9 0.432 3.53 <0.002 <0.001 625 89.8 10.2 0.303 2.64 362
MV70 - 7 221 41.1 75.7 6.41 <8.98 0.189 17.6 31.8 <0.079 9.81 3.29 0.321 <0.023 0.543 2.48 0.465 0.318 1.88 0.029 70.6 748 263 2.6 0.208 0.622 1.41 0.108 0.575 0.151 0.017 0.166 0.046 0.488 0.157 0.747 0.163 1.59 0.36 6.60 0.001 0.004 3660 68.5 7.91 0.693 6.96 294
MV70 - 8 187 52.5 48 9.95 <7.98 0.211 96.3 15.2 <0.1 7.72 2.55 0.199 0.097 0.492 2.12 3.87 0.984 1.97 0.018 6.41 455 173 3.05 0.288 0.147 0.523 0.048 0.211 0.032 0.006 0.097 0.038 0.444 0.17 0.794 0.208 2.41 0.494 5.62 0.018 0.01 999 122 13.5 0.439 3.71 493
MV70 - 9 118 127 74.6 10.2 23.3 0.745 84.3 25.4 0.242 14.8 1.73 0.275 0.07 6.91 2.14 6.05 12.9 3.44 0.009 22.6 67.2 177 2.78 3.43 0.241 0.93 0.113 0.573 0.222 0.06 0.343 0.086 0.81 0.223 1.06 0.216 2.24 0.434 7.55 0.001 0.015 356 84.6 9.84 0.932 5.76 364
MV70 - 10 87.8 141 75.9 9.14 <10.2 1.8 134 16.6 0.37 6.32 1.16 0.271 <0.018 0.99 1.82 7.4 1.96 1.42 0.058 6.08 154 91.3 2.39 1.11 1.91 3.63 0.356 1.48 0.192 0.103 0.21 0.069 0.757 0.201 1.06 0.13 1.48 0.311 11.89 0.007 0.013 649 130 15.4 0.537 1.3 755
MV70 - 11 18.7 951 391 7.02 43.6 5.77 121 34.7 0.329 32.2 0.87 1 0.229 2.41 1.36 15.6 1.11 1.15 0.322 5.27 85.5 54.7 2.37 3.56 0.433 1.24 0.168 0.785 0.291 0.103 0.286 0.074 0.579 0.104 0.292 0.042 0.481 0.04 4.92 0.011 0.028 367 25.5 4 2.66 0.476 103
MV70 - 12 13.8 1530 890 8.67 45.6 10.2 52.3 24.5 0.308 15.4 0.807 1.97 1.25 2.16 1.28 14.5 1.19 2 0.455 2.13 65.1 32.9 3.27 3.36 2.41 4.61 0.579 2.2 0.537 0.186 0.533 0.126 0.896 0.176 0.458 0.073 0.482 0.05 13.32 0.028 0.013 36.8 45.1 6.47 4.37 0.623 410
MV70 - 13 14.5 1610 831 9.72 22.5 7.97 18.3 19.1 0.173 22.2 0.727 2.57 0.486 2.61 1.18 19.1 1.45 2.21 0.202 4.2 79.2 44.8 3.08 4.22 0.664 2.56 0.329 1.44 0.56 0.157 0.664 0.14 1.05 0.169 0.562 0.072 0.53 0.048 8.95 0.003 0.002 37 28 4.58 3.83 0.706 167
MV70 - 14 124 109 65.7 6.66 <10.1 1.92 136 35.8 0.213 5.65 1.56 0.425 <0.019 0.453 1.9 2.89 0.212 1.5 0.055 4.7 118 150 3.22 0.253 0.194 0.269 0.019 0.094 0.01 0.007 0.072 0.022 0.339 0.124 0.653 0.14 1.68 0.36 3.98 <0.003 0.01 727 90.2 10.2 0.346 2.93 376
MV70 - 15 151 102 63.3 10.7 <8.14 0.725 253 28.4 0.75 6.36 1.79 0.246 0.142 0.537 2.1 2.82 0.201 2.38 0.054 6.16 118 149 3.44 0.062 0.49 1.06 0.07 0.216 0.055 0.015 0.152 0.042 0.498 0.18 0.933 0.214 2.28 0.551 6.76 0.005 0.037 716 120 13.8 0.5 4.5 494
MV70 - 16 290 168 95.8 9.8 18.4 1.17 113 35 <0.12 9.16 2.29 0.59 2.66 0.85 2.43 5.81 2.41 5.34 0.063 11.6 120 159 4.11 0.473 2.92 8.24 0.361 1.23 0.551 0.033 0.648 0.138 1.35 0.353 1.71 0.396 4.06 0.771 22.76 0.022 0.016 768 216 24.7 1.38 11.6 870
MV70 - 17 312 151 172 12.5 25.6 1.35 546 81 1.18 14.1 2.67 0.538 4.19 2.72 2.57 9.11 11.3 8.6 0.099 41.2 188 226 3.37 1.87 27.6 55.5 3.55 12.3 1.75 0.169 1.33 0.257 2.29 0.617 2.68 0.554 5.83 1.19 115.62 0.009 0.094 1320 392 45.2 2.83 24.5 1680
MV70 - 18 80.3 261 358 26.7 <9.71 1.74 131 40.7 0.56 6.27 1.43 0.52 0.283 2.15 2.19 26.6 4.04 1.48 0.018 17.1 152 117 2.37 1.42 0.238 0.788 0.094 0.407 0.141 0.056 0.242 0.061 0.528 0.103 0.392 0.092 0.835 0.193 4.17 0.02 0.02 806 54.4 8.17 5.5 0.87 224
MV70 - 19 43.4 2230 841 7.21 200 7.37 81.2 47.3 0.155 14.9 1.18 1.88 45.6 2.34 1.32 7.33 2.31 5.09 0.576 20.4 129 39.6 2.33 2.67 1.32 5.32 0.822 3.92 1.68 0.472 1.97 0.49 3.09 0.523 1.43 0.21 1.54 0.22 23.01 0.046 0.007 144 28.2 7.15 13.4 4.07 111
MV70 - 20 30.1 337 482 43.5 <17.4 2.35 558 23.2 0.46 13.4 1.1 0.621 1.24 1.2 1.36 12.5 3.02 3.49 0.019 5.79 26 91.8 1.92 1.17 24.7 50.4 4.87 18.8 2.34 0.504 1.69 0.246 1.53 0.281 0.759 0.165 0.883 0.066 107.23 0.001 0.024 99.1 112 11.5 1.32 0.527 652
MV70 - 21 168 167 140 5.77 <8 1.21 48.3 11.7 0.38 5.32 1.75 0.359 0.031 0.81 2.38 2.19 0.744 4.01 0.001 6.75 233 149 3.22 0.096 2.79 9.28 0.985 4.45 0.975 0.172 0.713 0.137 1.22 0.237 1.09 0.202 2.08 0.393 24.72 <0.002 0.006 664 244 28.7 1.88 6.47 1040
MV70 - 22 107 282 245 27.9 51.2 1.61 383 73.7 0.9 26.3 2.12 0.97 0.497 13.9 2.1 28.2 51.6 0.865 0.025 54.3 1350 106 1.73 12.6 1.22 2.48 0.221 0.891 0.07 0.02 0.144 0.029 0.249 0.085 0.346 0.079 0.747 0.184 6.77 0.001 0.037 2400 39 6.54 5.87 3.77 151
MV70 - 23 399 41 82.3 4.57 <8.15 0.38 26.4 54 <0.076 8.67 3.09 0.419 0.045 0.55 2.91 0.62 0.113 5.45 0.052 112 334 212 4.83 0.143 4.92 12.9 0.838 3.39 0.642 0.083 0.697 0.165 1.43 0.444 2.01 0.405 4.11 0.878 32.91 0.001 0.001 1370 305 35 3.41 45.5 1300
MV70 - 24 308 81.4 91.4 6.8 43.1 0.248 6.82 54.7 <0.107 11.9 3.6 0.667 0.268 0.614 2.88 4.18 1.19 6.72 0.036 85.5 985 249 3.71 1.16 4.31 12.5 0.958 4.28 0.768 0.11 0.883 0.206 1.81 0.499 2.24 0.473 4.6 0.89 34.53 <0.002 0.002 3170 213 24.3 2.42 30.5 882
MV70 - 25 143 24.5 87.2 3.84 35.5 0.062 7.85 5.82 0.411 7.15 1.92 0.379 0.393 1.64 2.26 1.8 3.02 2.26 <0.002 3.06 130 155 3.09 1.61 0.651 1.85 0.137 0.472 0.111 0.011 0.196 0.045 0.46 0.166 0.904 0.212 2.42 0.497 8.13 0.001 <0.001 460 127 14.6 0.635 4.83 512
MV70 - 26 459 69.1 161 20.4 43.3 0.481 20.4 64.2 <0.074 11.9 3.57 0.349 0.364 1.18 3.07 2.59 1.15 10.8 0.026 114 479 277 5.3 0.425 35.4 76.4 6.18 20.8 3.19 0.479 2.35 0.409 3.05 0.691 3 0.659 6.04 1.22 159.87 <0.002 0.006 1870 458 52.6 6.24 54.7 1920
MV70 - 27 133 187 91 5.97 20.9 1.32 44.5 34.3 0.09 6.93 2.44 0.41 1 0.59 2.18 2.15 0.142 0.943 0.1 13.2 683 226 1.54 0.142 1.03 2.08 0.191 0.64 0.108 0.035 0.149 0.028 0.266 0.07 0.347 0.069 0.807 0.169 5.99 0.004 0.006 1880 219 27.6 6.63 1.81 898
MV70 - 28 118 301 61.2 10.8 <9.42 1.83 40.4 51.5 0.474 5.5 1.33 0.31 0.298 1.18 2.39 1.95 3.48 4.68 0.226 32.8 71.9 167 1.62 1.14 3.89 9.49 1.28 3.53 0.792 0.219 0.746 0.19 1.66 0.389 1.66 0.282 2.6 0.427 27.16 0.014 0.006 571 220 25.8 0.694 6.56 941
MV70 - 29 151 12.2 65.2 2.04 <8 0.127 11.7 11.7 0.222 5.91 2.06 0.175 0.174 0.55 1.58 3.84 0.643 1.59 0.001 7.89 97.9 248 2.72 0.423 3.29 6.29 0.552 1.56 0.173 0.026 0.174 0.032 0.344 0.116 0.579 0.126 1.51 0.32 15.09 <0.003 0.001 524 162 18.2 0.398 3.12 693
MV70 - 30 131 28.8 70.8 7.73 <7.79 0.127 1.32 8.08 0.127 4.92 1.75 0.214 0.223 0.315 1.4 0.341 0.35 1.17 0.001 4.4 580 285 1.6 0.143 3.94 9.54 0.548 1.25 0.202 0.033 0.161 0.035 0.346 0.092 0.466 0.096 1.13 0.239 18.08 <0.004 <0.001 2500 60.8 6.81 0.219 2.51 249
Prospect/sample ID Analysis ID Mg Al Si P Ca Sc Ti V Cr Mn Co Ni Cu Zn Ga As Sr Y Zr Nb Mo Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREY Hf Ta W 206Pb 207Pb 208Pb Th U
MV067 - 1 29.8 2.42 87.1 5.7 <13.7 0.023 0.5 0.643 <0.128 2.4 0.963 0.067 <0.017 0.088 1.19 <0.148 <0.002 0.004 0.001 3.13 30.5 200 0.265 0.025 0.006 0.006 <0.001 <0.006 <0.003 <0.001 <0.003 <0.001 0.001 <0.001 0.001 <0.001 <0.004 0.001 0.02 0.001 0.002 311 2.06 0.224 0.006 0.002 7.75
MV067 - 2 20.9 27.7 99.6 5.84 37.2 0.015 2.84 2.24 <0.106 1.65 0.693 0.164 0.049 <0.051 2.28 1.05 0.165 0.021 0.001 6.7 60.2 294 0.795 0.149 0.109 0.156 0.009 0.017 <0.005 <0.002 0.004 <0.001 0.002 0.001 0.008 0.003 0.057 0.014 0.38 <0.004 0.003 753 44.5 5 0.038 0.009 188
MV067 - 3 28.3 11.3 86.2 7.28 <11 0.023 0.37 3.35 <0.095 2.87 0.673 0.096 0.067 0.104 1.81 <0.091 0.107 0.131 0.006 19.7 155 193 0.4 0.143 0.139 0.262 0.017 0.085 0.008 0.003 0.032 0.006 0.017 0.009 0.046 0.007 0.094 0.028 0.75 <0.005 0.001 792 4.8 0.558 0.028 0.098 17.5
MV067 - 4 153 8.28 97.9 8.72 <12.7 0.072 2.32 13.3 0.168 9.17 2.65 0.256 0.548 0.363 2.12 0.302 0.104 0.851 0.003 87.5 639 320 3.09 0.286 0.172 0.343 0.016 0.046 0.022 0.002 0.044 0.015 0.175 0.062 0.335 0.083 0.886 0.191 2.39 0.001 0.02 3270 41.7 4.74 0.108 0.848 173
MV067 - 5 115 8.39 89.9 7.5 21.4 0.046 3.06 6.29 0.129 8.65 2.92 0.23 0.034 0.243 1.68 1.03 0.026 0.086 0.007 13.2 1260 276 2.35 0.121 0.041 0.089 0.003 0.021 0.005 <0.001 <0.003 0.001 0.013 0.009 0.051 0.014 0.148 0.052 0.45 <0.002 0.003 4820 11.1 1.27 0.085 0.101 44.1
MV067 - 6 157 2.57 69.3 5.4 25.7 0.029 0.386 5.33 <0.092 9.67 3 0.289 0.029 0.32 1.64 <0.068 <0.002 0.377 0.003 5.33 1620 255 2.87 0.001 0.073 0.116 0.009 0.034 <0.004 <0.001 0.006 0.001 0.067 0.025 0.203 0.053 0.63 0.148 1.37 <0.003 <0.001 5470 21.8 2.44 0.014 0.125 93.6
MV067 - 7 156 4.04 70.3 3.31 <10.1 0.037 0.61 10 0.098 10.7 2.8 0.17 <0.015 0.534 1.88 <0.058 <0.002 0.275 0.001 57 1580 240 2.59 0.017 0.071 0.105 0.01 0.02 0.012 <0.001 0.009 0.002 0.048 0.026 0.149 0.049 0.573 0.142 1.22 <0.002 0.009 5110 18.5 1.86 0.013 0.055 69.4
MV067 - 8 195 334 143 5.4 33.6 1.08 251 35.8 0.93 11.5 2.05 0.428 0.368 6.55 2.72 8.87 0.551 0.814 0.006 21.6 306 106 4.14 1.05 0.587 1.23 0.067 0.166 0.054 0.008 0.052 0.022 0.189 0.062 0.38 0.081 1.1 0.227 4.23 <0.003 0.051 639 70.7 8.29 0.807 1.85 288
MV067 - 9 251 1510 1900 6.6 38.2 1.65 647 46.2 2.22 15.3 2.01 0.896 6.9 1.68 2.54 15.2 0.621 2.41 0.058 28.9 194 127 8.73 2.01 7.24 17 0.903 3.06 0.432 0.076 0.475 0.088 0.661 0.17 0.733 0.153 1.55 0.358 32.90 0.005 0.077 781 105 12.7 2.08 4.5 442
MV067 - 10 244 170 126 6.75 42.5 0.619 454 43.6 1.62 17.5 2.56 0.335 0.217 1.78 2.52 2.11 1.83 2.29 0.001 26.7 216 161 4.1 2.5 1.36 3.03 0.142 0.573 0.177 0.025 0.196 0.056 0.542 0.157 0.741 0.196 1.9 0.438 9.53 <0.002 0.042 984 130 14.8 0.653 4.26 526
MV067 - 11 131 59.3 97.9 11.2 16.4 0.144 4.81 0.443 <0.083 7.09 2.5 0.359 0.077 0.574 1.52 0.83 0.072 0.285 <0.002 0.046 4390 134 2.51 <0.01 0.155 0.309 0.014 0.079 0.011 0.011 0.074 0.008 0.079 0.023 0.078 0.022 0.224 0.074 1.16 0.001 <0.001 1310 45.5 5.1 0.057 0.057 203
MV067 - 12 201 73.3 82.2 7.15 18.1 0.226 17.7 1.98 <0.102 7.8 2.59 0.375 0.154 0.254 1.93 0.324 0.051 0.402 0.001 0.135 4140 172 2.78 0.034 1.52 2.81 0.184 0.516 0.044 0.004 0.061 0.012 0.107 0.035 0.194 0.052 0.541 0.138 6.22 0.001 0.003 1800 66.5 7.67 0.09 0.456 277
MV067 - 13 142 230 135 8.69 16.6 2.34 211 12.3 0.313 10 2.12 0.289 0.3 1.45 2.21 4.65 0.575 0.386 0.011 1.48 2360 147 3.5 0.497 0.942 1.69 0.115 0.346 0.048 0.007 0.07 0.014 0.094 0.037 0.174 0.047 0.486 0.107 4.18 <0.002 0.015 1380 34.8 4.16 0.59 0.54 147
MV067 - 14 242 11.9 48.4 6.83 20.8 0.049 21 1.78 <0.103 10.1 3.05 0.381 0.071 0.75 1.98 1.99 0.341 1.16 <0.004 1.89 3700 178 3.65 0.495 3.57 7.01 0.442 1.64 0.212 0.017 0.182 0.033 0.347 0.108 0.503 0.11 1.12 0.257 15.55 <0.002 0.004 1890 93.7 10.7 0.138 1.11 389
MV067 - 15 144 136 92.6 16.2 <14.7 0.595 695 40.7 2.07 9.94 1.66 0.284 0.203 1.42 2.19 8.15 2.28 0.384 0.01 3.85 618 99.3 3.49 1.21 1.54 4.89 0.269 0.832 0.085 0.016 0.078 0.014 0.094 0.029 0.215 0.039 0.513 0.134 8.75 <0.005 0.073 278 57.6 6.77 0.605 0.75 231
MV067 - 16 213 143 75.8 8.53 <10.7 0.31 81.7 2.38 0.154 6.64 1.9 0.24 0.064 0.42 2.48 4.68 0.593 0.541 0.001 1.58 547 107 4.04 0.315 1.24 2.99 0.142 0.379 0.043 0.007 0.062 0.015 0.137 0.054 0.294 0.08 0.921 0.235 6.60 <0.004 0.006 280 71 8.24 0.301 0.802 296
MV067 - 17 172 191 53.1 5.86 60.6 0.195 32 7.47 <0.17 10.9 2.15 0.188 0.158 0.99 2.31 11.5 0.913 1.74 0.001 10.6 327 150 4.04 1.84 3.4 8.15 0.443 1.36 0.236 0.016 0.19 0.039 0.444 0.13 0.55 0.131 1.29 0.292 16.67 <0.004 0.01 636 99.9 11.3 1.01 2.38 406
MV067 - 18 153 60.5 77.4 6.44 <11.3 0.242 0.408 0.664 0.108 8.28 2.82 0.253 0.043 0.501 2.08 1.99 0.099 0.254 0.001 0.074 4800 173 2.13 0.048 0.409 0.692 0.058 0.213 0.023 0.004 0.047 0.007 0.061 0.025 0.118 0.031 0.301 0.077 2.07 0.001 0.001 2170 13.6 1.64 0.177 0.1 58.1
MV067 - 19 138 156 69 8.73 <9.96 0.218 <0.124 0.622 0.185 7.48 2.59 0.192 0.035 0.193 1.68 0.154 0.002 0.249 <0.002 0.67 5000 122 2.39 0.04 0.236 0.382 0.033 0.11 0.011 <0.001 0.007 0.008 0.07 0.019 0.126 0.026 0.342 0.081 1.45 <0.002 0.001 1530 13.3 1.44 0.022 0.092 54.6
MV067 - 20 174 360 77.5 8.72 <10.6 0.461 4.86 1.2 0.247 5.43 1.97 0.176 0.1 0.255 2.88 2.66 0.177 0.502 <0.002 0.717 402 92.9 3.57 0.102 0.564 1.12 0.064 0.18 0.02 0.004 0.053 0.014 0.133 0.047 0.27 0.077 0.893 0.223 3.66 <0.002 0.001 251 59.8 7.04 0.561 0.684 251
MV067 - 21 222 227 87.9 <1.63 <8.73 0.326 5.66 1.8 0.123 6.07 2.28 0.321 0.147 0.205 2.36 1.7 0.254 0.502 0.001 0.796 436 99.1 4.45 0.455 0.525 1.29 0.062 0.229 0.016 0.009 0.062 0.017 0.182 0.04 0.373 0.099 0.985 0.287 4.18 <0.005 <0.001 275 69.3 8.32 0.286 0.715 308
MV067 - 22 143 87.3 94.5 4.73 37.8 0.247 61.1 8.3 0.56 15.8 2.39 0.184 0.857 5.08 1.9 7.98 13.3 0.707 0.006 1.51 2500 159 3.37 7.18 3.05 6.1 0.551 1.55 0.261 0.062 0.194 0.024 0.293 0.045 0.219 0.046 0.42 0.122 12.94 <0.002 0.003 1260 127 15.6 2.78 0.276 610
MV067 - 23 117 78 49.3 4.66 21.5 0.171 1.81 0.233 <0.082 5.46 1.43 0.185 0.151 0.311 2.37 0.6 0.169 0.358 0.001 0.314 363 85.4 2.59 0.147 0.508 1.47 0.094 0.386 0.057 0.003 0.086 0.006 0.125 0.022 0.153 0.031 0.444 0.12 3.51 <0.002 <0.001 113 41.2 4.72 0.374 0.114 184
MV067 - 24 320 103 66.3 8.82 <8.34 0.61 136 56 0.319 11.5 3.02 0.438 0.721 0.533 2.65 1.03 0.501 4.03 0.043 558 230 266 5.09 1.05 3.3 7.72 0.402 1.54 0.324 0.037 0.443 0.116 0.919 0.269 1.36 0.31 3.01 0.678 20.43 0.004 0.131 2170 185 21.5 1.47 19.1 799
MV067 - 25 200 75.8 76.7 9.31 <8.57 0.231 128 40.5 0.326 11.5 3.29 0.283 0.407 1.54 2.67 0.87 0.244 0.69 0.062 116 1720 283 2.41 0.216 2.67 4.44 0.301 0.95 0.12 0.013 0.092 0.021 0.181 0.056 0.232 0.06 0.706 0.178 10.02 0.005 0.052 7790 39.9 4.53 0.263 2.42 176
MV067 - 26 130 21.6 84 8.29 <9.13 0.104 57.4 5.66 0.127 7.26 2 0.16 0.627 0.823 1.69 1.46 0.333 0.711 0.022 5.75 578 232 3.06 0.396 2.21 4.13 0.348 1.01 0.098 0.012 0.081 0.022 0.151 0.051 0.259 0.069 0.778 0.18 9.40 0.003 0.012 1780 177 19.9 0.26 1.86 731
Prospect/sample ID Analysis ID Mg Al Si P Ca Sc Ti V Cr Mn Co Ni Cu Zn Ga As Sr Y Zr Nb Mo Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREY Hf Ta W 206Pb 207Pb 208Pb Th U
ACD2-3 - 1 7.25 1.56 38.2 <1.96 <17.4 0.04 <0.2 0.516 0.194 6.91 0.858 4.24 <0.063 0.367 0.065 <0.19 <0.003 <0.001 <0.006 0.765 0.213 11.4 1.79 <0.017 <0.002 0.001 0.001 <0.009 <0.009 <0.002 <0.012 <0.001 <0.004 <0.002 <0.004 <0.002 <0.008 <0.001 0.00 <0.007 0.002 0.048 16.8 1.91 <0.004 0.009 65.1
ACD2-3 - 2 8.1 1.11 95.6 5.96 <17.4 <0.026 0.79 1.14 <0.165 4.86 0.802 4.09 0.154 <0.106 0.086 0.173 0.003 <0.001 <0.005 1.83 0.073 9.29 0.493 <0.017 <0.002 0.003 <0.001 <0.005 <0.011 <0.002 <0.011 <0.001 <0.006 <0.001 0.008 <0.001 <0.007 <0.002 0.01 <0.006 <0.002 1.07 0.625 0.102 0.055 <0.002 2.23
ACD2-3 - 3 16.4 6.93 107 10.4 <15.7 0.074 0.28 0.367 <0.151 5.62 1.16 3.73 0.632 0.212 0.109 2.05 0.004 0.002 0.008 3.63 2.01 11.5 0.963 <0.017 0.003 0.007 0.001 <0.011 <0.009 <0.002 <0.012 <0.002 <0.004 <0.001 0.006 <0.001 <0.006 0.001 0.02 <0.01 0.001 5.37 13.3 1.47 0.03 0.042 52
ACD2-3 - 4 15.8 32.4 90 7.8 <15.1 0.126 0.23 0.852 0.155 5.62 1.07 3.31 <0.065 0.268 0.072 <0.13 <0.002 0.001 0.027 23.9 4.26 22.2 0.709 0.023 0.002 <0.001 <0.001 <0.008 <0.008 <0.002 <0.011 <0.001 0.006 <0.001 <0.005 <0.001 <0.003 0.001 0.01 <0.006 0.011 75.6 1.29 0.127 0.014 <0.001 4.43
ACD2-3 - 5 9.06 0.309 68.5 6.19 <14.5 <0.027 <0.22 0.109 <0.172 7.79 0.777 4.39 1.61 <0.127 0.068 4 0.003 <0.001 <0.005 0.209 0.358 10.4 1.37 <0.017 <0.001 <0.002 <0.001 <0.011 <0.009 <0.003 <0.011 <0.001 <0.006 <0.002 <0.005 <0.001 <0.003 <0.001 0.00 0.008 0.002 0.391 5.65 0.594 0.011 0.007 21.3
ACD2-3 - 6 8.41 0.556 82.2 7.54 <14.6 <0.026 0.31 0.219 <0.183 7.14 0.905 5.34 <0.068 0.118 0.077 0.135 <0.006 <0.001 0.005 0.298 0.319 10.9 0.817 0.001 <0.001 <0.002 <0.001 <0.004 <0.007 0.002 <0.007 <0.002 <0.007 <0.002 <0.005 0.001 <0.008 <0.001 0.00 <0.004 <0.002 0.414 3.88 0.472 0.05 <0.001 15.2
ACD2-3 - 7 4.58 0.212 168 12.7 <15.2 0.026 <0.24 0.05 <0.175 3.94 0.379 1.89 0.321 <0.102 0.067 1.98 0.011 <0.001 <0.005 0.147 1.07 25.2 7.44 0.023 <0.001 <0.002 <0.001 <0.004 <0.009 <0.003 <0.009 <0.001 <0.004 0.001 <0.004 0.001 <0.006 0.001 0.00 <0.008 0.001 0.457 0.608 0.086 0.024 <0.001 1.67
ACD2-3 - 8 3.11 0.974 136 7.91 <14.4 <0.024 <0.24 0.172 <0.172 2.82 0.275 1.81 0.071 <0.102 0.102 0.95 <0.004 <0.002 0.001 0.211 0.66 32.9 3.24 <0.023 <0.002 <0.001 <0.001 <0.006 <0.009 0.001 <0.009 <0.001 <0.003 <0.001 <0.004 <0.001 <0.004 <0.002 0.00 0.005 <0.001 3.11 1.11 0.092 0.008 0.002 3.17
ACD2-3 - 9 3.25 0.858 221 8.76 17.3 <0.026 <0.22 0.319 0.184 3 0.303 2.26 0.185 <0.099 0.098 0.64 <0.004 0.002 <0.007 0.56 0.754 31.7 6.25 0.028 <0.002 <0.002 0.002 <0.009 <0.01 <0.001 <0.005 0.001 <0.003 <0.001 <0.005 <0.001 0.001 <0.002 0.00 <0.004 <0.001 2.76 0.449 0.065 0.01 <0.002 1.84
ACD2-3 - 10 2.7 1.11 202 17.3 <13.2 <0.026 0.23 0.307 0.233 3.17 0.202 2.51 0.083 0.172 0.122 0.99 <0.003 0.004 0.006 0.527 0.484 32.3 4.26 <0.016 0.001 <0.002 <0.001 <0.008 <0.009 <0.003 <0.01 <0.002 <0.005 0.001 <0.004 <0.001 <0.006 0.001 0.00 <0.008 0.001 2.64 0.489 0.071 0.007 <0.001 1.65
ACD2-3 - 11 7.03 1.86 134 7.18 <13.1 <0.024 0.79 0.484 0.252 5.49 0.653 5.6 <0.064 0.149 0.111 1.24 <0.002 <0.001 <0.003 0.968 0.931 31.4 1.56 <0.015 0.004 0.01 0.002 <0.006 <0.008 <0.002 0.004 <0.002 <0.004 0.001 <0.003 <0.001 <0.003 <0.001 0.02 0.009 0.002 5.97 8.22 0.841 0.033 0.08 31.2
ACD2-3 - 12 14.9 3.26 94.1 9.9 <12.1 0.063 <0.32 1.83 0.46 3.95 0.78 2.69 <0.072 0.138 0.123 1.15 <0.003 <0.001 0.01 4 0.427 17 1.59 0.001 0.004 0.022 0.002 <0.008 <0.008 <0.002 <0.007 <0.002 0.006 <0.002 0.004 0.001 <0.005 <0.002 0.04 0.004 0.008 2.49 15.4 1.72 0.024 0.189 59.1
ACD2-3 - 13 9.64 5.04 118 22.8 26.2 0.043 0.26 2.88 0.32 3.79 0.403 2.1 0.108 0.177 0.163 8.86 <0.003 0.009 0.045 38.8 0.988 14.4 2.35 0.024 0.078 0.172 0.012 0.037 <0.011 <0.001 <0.01 <0.001 <0.003 0.001 0.003 0.001 0.009 0.002 0.32 <0.004 0.054 2.88 40.1 4.62 0.076 1.03 147
ACD2-3 - 14 6.96 64.3 <17.2 2.54 <13.6 0.113 0.79 1.25 0.36 5.08 0.51 3.01 <0.064 0.164 0.072 0.131 <0.004 0.002 0.088 26 5.29 14.2 0.757 0.001 <0.001 <0.002 <0.001 0.001 <0.009 <0.001 <0.009 <0.001 0.001 <0.002 <0.003 <0.001 <0.009 <0.001 0.00 0.009 0.006 21.6 1.86 0.203 0.007 <0.002 7.07
ACD2-3 - 15 19.5 53.1 92.8 9.69 <14.8 0.079 <0.21 1.54 0.61 5.47 0.874 3.31 0.619 0.89 0.095 1.06 0.023 0.005 0.041 31.1 6.38 22.9 1.08 <0.029 0.038 0.074 0.005 <0.009 0.005 0.001 0.005 0.001 <0.004 0.002 <0.007 <0.002 0.008 <0.001 0.14 <0.007 0.006 54.6 28.2 3.28 0.229 0.182 110
ACD2-3 - 16 9.52 2.47 136 <1.98 <13.2 <0.026 <0.28 1.51 <0.182 6.86 0.922 4.36 <0.071 0.397 0.132 0.165 <0.003 0.002 <0.005 2.97 0.473 13.1 1.67 0.022 <0.001 <0.002 <0.001 <0.006 <0.007 <0.002 0.003 <0.002 <0.005 <0.001 <0.004 <0.001 0.007 <0.002 0.01 <0.008 0.001 2.02 8.18 0.83 0.01 0.008 29.5
ACD2-3 - 17 5.99 34.5 97.4 11.1 <14.5 0.039 <0.24 0.405 0.27 5.99 0.265 2.77 0.656 0.494 0.22 0.86 0.003 0.008 0.001 1.02 2.35 10.8 1.7 <0.029 0.007 0.008 <0.001 <0.009 <0.009 <0.003 <0.007 <0.001 <0.007 0.001 <0.005 0.001 <0.007 <0.002 0.02 0.005 0.001 1.13 71.5 7.82 0.04 0.088 278
ACD2-3 - 18 4.57 316 172 5.76 <14.2 0.226 0.62 3.72 0.23 5.08 0.146 1.53 1.06 0.134 0.091 5.48 0.003 0.006 0.269 20.7 18.6 247 3.7 0.039 0.005 0.012 <0.001 0.017 0.005 <0.003 <0.007 <0.001 <0.005 0.002 <0.003 0.002 <0.01 <0.001 0.04 <0.005 0.016 252 374 42 0.166 0.181 1480
ACD2-3 - 19 62.4 6.76 260 42.5 64.7 0.154 <0.275 3.56 <0.21 4.61 0.301 3.8 20.2 1.25 0.068 12.8 0.028 0.039 0.137 9.21 1.09 17.6 5.19 0.355 0.045 0.148 0.013 0.083 <0.008 <0.003 <0.014 <0.002 <0.003 0.004 <0.003 <0.001 <0.008 <0.001 0.29 <0.004 0.012 2.95 217 24 0.096 0.257 845
ACD2-3 - 20 4.45 3.12 96.6 12.4 <13.9 0.108 <0.25 2.22 0.21 4.99 0.281 1.13 0.132 0.254 0.13 2.38 <0.003 <0.003 0.044 11.6 1.11 12.4 3.64 <0.017 0.006 0.024 <0.001 <0.011 <0.01 <0.003 <0.008 <0.002 <0.003 0.001 <0.005 <0.002 0.01 <0.002 0.04 0.004 0.021 1.79 35.3 3.97 0.015 0.118 130
ACD2-3 - 21 12.1 1.47 119 6.62 <13.8 <0.026 <0.32 1.97 0.208 3.37 0.867 4.09 <0.075 0.331 0.14 0.418 0.001 <0.002 <0.004 1.33 0.388 11.4 0.763 <0.018 <0.002 0.002 0.001 0.009 <0.005 <0.003 <0.009 <0.001 0.002 <0.002 <0.007 0.001 <0.005 0.002 0.02 <0.004 <0.001 0.247 27.3 3.11 0.009 0.024 102
ACD2-3 - 22 7.69 16.5 175 19.2 <12.5 0.057 0.52 0.955 <0.18 4.86 0.674 2.79 <0.067 <0.116 0.084 1.74 <0.003 0.002 <0.005 2.1 1.24 23.7 3.34 <0.017 <0.001 0.004 <0.001 <0.008 <0.007 <0.002 <0.01 <0.002 <0.003 <0.001 0.005 0.002 0.01 <0.002 0.02 <0.007 0.004 15 3.39 0.541 0.007 <0.001 11.6
ACD2-3 - 23 4.18 11.2 26.1 3.5 <13.8 <0.025 0.3 0.125 0.42 5.78 0.334 2.26 4.6 <0.1 0.136 2.48 0.006 <0.002 0.058 4.72 2.17 69.3 1.08 0.001 0.003 0.002 0.004 0.011 <0.005 <0.002 <0.009 <0.002 <0.008 <0.002 <0.004 0.001 <0.008 <0.002 0.02 <0.004 <0.002 83.3 20.4 2.39 0.032 0.03 83
ACD2-3 - 24 7.46 15.4 73.5 6.74 <14.4 <0.025 <0.2 0.045 <0.145 8.07 0.261 2.23 2.54 0.86 0.144 4.72 0.006 <0.002 <0.007 0.189 9.98 23.6 1.14 0.001 0.003 0.007 <0.001 <0.006 <0.007 <0.002 <0.013 <0.002 <0.003 <0.001 <0.006 <0.001 <0.005 0.001 0.01 0.004 0.002 68.7 4.36 0.492 0.044 0.006 16.5
ACD2-3 - 25 5.74 41.5 37 6.85 <14.3 0.051 0.74 0.317 <0.18 7.41 0.375 2.94 1.22 0.54 0.084 4.23 0.004 <0.002 0.017 0.967 22.5 88.7 1.09 0.001 0.022 0.025 <0.001 <0.01 <0.007 <0.002 <0.011 <0.001 <0.003 <0.001 <0.004 <0.002 <0.006 <0.001 0.05 0.01 0.002 330 5.01 0.669 0.093 0.009 21.3
ACD2-3 - 26 1.54 0.814 96.4 8.09 <13 <0.026 <0.213 <0.009 <0.148 7.3 0.738 5.15 5.72 0.685 0.065 3.86 0.004 <0.001 <0.005 0.05 0.794 12.1 0.54 0.044 0.005 0.013 0.002 <0.025 <0.007 <0.002 <0.012 <0.002 <0.003 <0.001 <0.004 <0.001 0.006 <0.001 0.03 0.015 <0.001 4.2 1.39 0.174 0.067 0.001 4.47
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ELECTRONIC APPENDIX C FOR CHAPTER 5 
LA-ICP-MS spot analyses
Prospect/sample ID Analysise ID Mg Al Si P Ca Sc Ti V Cr Mn Co Ni Cu Zn Ga As Sr Y Zr Nb Mo Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREY Hf Ta W 206Pb 207Pb 208Pb Th U
ACD112Mt-1 175 2830 456 37.7 1220 34.3 15400 419 201 64.2 20 34.2 <0.27 337 40.8 <0.87 0.535 0.517 0.118 0.576 0.27 14 <0.18 2.01 0.136 0.426 0.028 0.32 0.138 0.048 0.133 <0.019 0.24 <0.016 <0.035 0.131 0.3 0.034 2.5 0.092 0.042 <0.037 0.266 0.406 0.379 0.56 0.79
ACD112Mt-2 791 2810 549 78.2 <512 36.7 15500 444 76.3 276 23.7 35 <0.21 196 59.4 <0.78 2.57 2.96 0.386 1.1 0.47 16.2 0.2 19.7 1.17 3.28 0.425 1.44 0.1 0.257 0.46 0.18 0.82 0.174 0.66 0.117 0.27 0.102 12.4 0.001 0.129 0.39 1.01 0.845 2.11 0.128 0.504
ACD112Mt-3 94.5 2770 516 21.2 <495 31 14600 410 77.2 58.7 18.4 40.1 0.33 245 45.8 <0.75 0.077 0.07 0.267 0.327 0.094 15.2 <0.19 0.001 0.073 0.176 0.149 0.077 <0.051 0.041 <0.097 0.026 <0.03 0.008 <0.039 0.009 <0.033 0.123 0.8 0.073 0.001 0.157 0.084 0.046 0.141 0.07 0.249
ACD112Mt-4 76.3 2400 482 25.7 <486 29.7 12700 429 8.43 86.2 21.7 35.1 <0.22 213 50.7 <0.79 <0.022 <0.021 0.164 0.249 0.079 14.4 <0.16 0.001 <0.013 0.028 <0.023 <0.077 0.001 <0.026 <0.088 <0.01 0.001 <0.013 0.001 <0.017 <0.05 0.001 0.0 0.001 0.214 <0.025 0.025 <0.018 <0.027 <0.032 <0.021
ACD112Mt-5 125 2690 852 <16.1 <427 28.2 13000 409 216 45.8 22.8 30.4 1.27 500 38 1.56 3.5 1.66 0.472 1.5 0.56 13.7 0.36 14.9 0.766 2.51 0.261 1.1 <0.082 0.191 0.14 0.051 0.47 0.129 0.54 0.039 0.29 0.099 8.2 0.069 0.041 0.94 1.74 1.14 2.81 2.25 1.03
ACD112Mt-6 163 2430 495 79.3 <440 27.8 13400 389 9.25 74.3 18 30.8 0.31 147 39.9 <0.65 1.44 0.096 <0.027 0.022 0.28 12.7 <0.071 0.001 3.74 3.73 0.276 0.4 <0.095 0.041 <0.045 0.001 <0.056 0.01 <0.042 <0.015 0.089 <0.007 8.4 0.22 <0.011 0.145 0.235 0.141 0.494 0.263 0.054
ACD112Mt-7 342 2660 453 28.4 <478 34.9 13900 441 5.23 115 23.7 38.2 0.46 126 45.1 <0.77 0.077 <0.014 0.214 0.171 0.094 12.7 <0.18 5.64 0.16 0.119 0.001 <0.059 0.078 <0.024 <0.068 0.001 <0.03 0.005 0.059 <0.016 0.052 <0.01 0.5 <0.039 0.06 0.122 0.029 <0.012 0.029 <0.015 0.008
ACD112Mt-8 560 2410 384 40.2 1140 27.6 12600 449 <0.48 252 26.9 38 0.4 141 49.5 <0.71 <0.051 0.009 0.096 0.416 0.168 14.6 <0.19 0.001 <0.021 0.024 <0.013 <0.052 <0.062 0.035 <0.103 <0.009 <0.037 <0.016 <0.047 <0.01 0.052 0.014 0.1 0.001 0.001 <0.041 0.03 <0.029 0.077 0.05 0.05
ACD112Mt-9 65.3 2290 437 <17.3 <463 29.3 12300 411 4.79 53.9 19.3 30.5 0.59 400 40.3 1.33 0.771 0.385 0.485 0.974 0.189 12.7 <0.132 0.76 0.245 0.582 0.082 0.228 0.039 <0.044 <0.083 0.014 0.074 0.078 0.096 <0.011 <0.047 0.015 1.8 <0.068 0.001 0.37 0.431 0.141 0.458 2.05 3.24
ACD112Mt-10 78.8 2350 434 <16.8 1500 26.9 12600 418 37.1 54.4 21.9 25.5 0.78 295 43 <0.68 0.256 0.134 0.359 0.616 0.031 13.6 0.19 0.71 0.071 0.216 0.022 0.091 <0.124 <0.02 <0.068 <0.007 <0.052 0.008 0.075 <0.012 0.066 <0.01 0.7 <0.04 0.058 <0.04 0.134 0.084 0.232 0.603 1.24
ACD112Mt-11 1520 5460 8230 24.1 1120 43.1 15400 377 1.96 129 24.7 30.1 23.3 557 38.5 2.67 10.1 3.7 2.67 2.8 0.6 20.6 1.48 62.9 8.36 18.9 2.19 7.11 1.44 0.204 0.77 0.131 0.67 0.298 0.31 0.119 1.45 0.081 45.7 0.26 0.166 5.17 5.51 3.08 6.58 12.5 51.6
ACD112Mt-12 182 2320 528 <16.5 1320 20 12100 407 89.7 54.7 18.2 29.2 0.26 384 41.3 1.81 4.44 2.07 0.298 0.332 0.33 10.7 <0.15 38 0.67 2.2 0.107 1.65 0.23 0.093 0.22 0.064 0.94 0.128 0.42 0.091 0.77 0.051 9.7 0.113 0.093 0.18 0.853 0.837 1.91 0.68 0.354
ACD112Mt-13 37.1 2320 519 59.8 <478 20.6 12000 410 22.6 46.7 19.1 30.8 <0.27 406 43.7 0.91 0.628 0.16 0.244 0.18 0.071 11.9 0.12 1.61 0.178 0.461 0.074 <0.088 0.066 <0.033 <0.071 0.017 <0.082 0.023 0.047 0.03 <0.035 <0.008 1.1 0.17 0.03 0.168 0.922 0.362 1.36 5.39 12.6
ACD112Mt-14 37.5 2770 470 <18.5 <473 35 13600 460 19.4 54.1 21.2 39.1 <0.31 292 46.6 <0.73 0.227 0.032 0.279 0.359 0.124 14.7 <0.103 0.39 0.126 0.176 0.033 <0.094 <0.079 <0.022 <0.076 0.001 0.072 <0.012 <0.024 <0.018 <0.054 <0.008 0.4 <0.063 0.096 0.039 0.139 0.088 0.176 0.411 0.89
ACD112Mt-15 1200 3160 3280 36.2 <439 49.4 16200 424 19.6 78.7 22.2 28.8 0.7 837 44.8 2.58 6.54 3.22 6.97 1.98 0.147 13.9 0.14 18.1 7.01 16.6 2.17 6.02 0.84 0.195 0.97 0.111 0.73 0.193 0.73 0.135 0.57 0.1 39.6 0.17 0.222 1.21 4.93 2.66 7.11 33.8 65
ACD112Mt-16 76.7 2630 695 <19.6 <504 27.2 15300 437 169 55.8 23.4 26.5 0.76 835 51.5 1.02 2.2 1.82 1 0.9 0.22 14.8 0.35 6.57 1.26 2.97 0.461 1.2 0.34 0.108 0.24 0.131 0.33 0.108 0.36 0.053 0.39 0.07 9.8 0.116 0.127 1.25 1.64 0.905 2.34 10.5 24.7
ACD112Mt-17 63.1 2630 458 <17.8 <447 28.5 13900 424 138 58.6 21.6 30.4 <0.28 220 49.1 <0.8 <0.043 0.001 0.074 0.078 <0.064 13.2 <0.14 0.001 0.042 0.048 <0.008 0.18 <0.128 <0.021 <0.05 0.011 0.105 <0.013 <0.023 0.001 <0.036 <0.017 0.4 0.001 0.041 <0.033 <0.023 <0.015 <0.022 0.047 0.112
ACD112Mt-18 406 2970 1640 <15.4 <421 15.5 11100 366 4.01 52.2 22 26 1.86 593 39.9 1.15 1.51 1.57 0.295 1.1 0.5 8.82 0.2 3.88 1.34 3.71 0.498 1.43 0.099 0.1 0.38 0.019 0.4 0.112 0.262 0.056 0.227 0.034 10.2 <0.074 0.039 1.88 3.67 2.25 6.23 4.78 7.47
ACD112Mt-19 129 2330 535 <16.4 <450 30.4 14000 400 147 51.2 23.3 29.4 1.68 592 41 1.75 4.9 2.18 0.92 2.04 0.093 13.8 0.16 14.4 1.68 4.33 0.374 1.91 0.39 0.169 0.34 0.07 0.62 0.115 0.55 0.107 0.55 0.053 13.4 0.001 0.018 1.11 1.99 1.05 2.56 10.6 23.8
ACD112Mt-20 1580 3180 3000 39.2 <444 39.5 14700 411 2.69 78.5 20.4 36.2 0.41 542 42.5 2.84 5.31 1.81 1.19 1.97 0.166 16.4 0.27 9.39 4.41 10.3 1.2 4.07 0.62 0.258 0.35 0.077 0.51 0.159 0.313 0.091 0.198 0.049 24.4 0.112 0.095 1 1.8 1 2.48 5.72 23.3
Prospect/sample ID Analysise ID Mg Al Si P Ca Sc Ti V Cr Mn Co Ni Cu Zn Ga As Sr Y Zr Nb Mo Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREY Hf Ta W 206Pb 207Pb 208Pb Th U
ACD115Mt-1 958 3510 3540 31.8 <1530 32.3 13900 389 2.53 69.5 20.8 37.5 6.51 247 31.4 2.71 4.91 0.81 1.96 2.35 0.4 17.1 1.07 16.7 12.4 9.9 1.02 2.83 0.19 0.088 0.5 0.098 0.73 0.088 0.75 0.122 0.21 0.125 29.9 0.97 0.51 0.57 1.72 1.25 2.11 4.45 1.6
ACD115Mt-2 605 2520 1940 <32.3 <1550 22.9 13600 428 2.74 66.5 26.5 42.1 12.3 235 36.7 2.26 4.13 1.45 1.46 1.47 0.19 15.2 0.67 21 2.93 5.11 0.51 1.16 0.16 0.099 <0.16 <0.044 0.58 1.15 0.37 0.5 0.21 0.042 14.3 0.37 0.035 0.56 3.99 2.79 6.71 4.63 1.31
ACD115Mt-3 51.9 1610 946 <35.7 <1730 11.4 8710 383 2.97 51.3 18 36.6 29.1 260 33.2 2.52 3.85 3.26 1.28 0.93 0.21 13.6 0.95 4.16 2.68 5.58 0.75 1.69 <0.15 0.105 0.41 0.113 0.81 0.207 0.78 0.076 0.6 0.135 17.2 0.31 0.074 1.81 13.5 10.6 26.6 11.8 3.04
ACD115Mt-4 154 1890 979 <30.9 <1490 14.5 9160 356 2.12 43.5 14.9 28.8 18.2 222 34.8 3.18 3.39 2.49 0.66 0.75 0.23 9.94 0.77 <0.52 2.25 3.85 0.45 1.73 <0.177 0.117 0.43 0.04 0.34 0.146 0.35 0.175 <0.14 <0.039 12.4 <0.106 0.077 1.08 6.76 4.63 11.5 9.56 7.48
ACD115Mt-5 266 2590 1750 100 <1740 21.6 11900 389 3.02 50.5 23.2 32.9 10.7 231 39.2 3.02 2.82 1.49 1.53 1.18 <0.13 8.57 <0.49 0.001 1.53 3.46 0.31 0.49 0.38 0.093 0.15 <0.034 0.48 0.154 0.33 <0.063 <0.147 <0.016 8.9 0.28 <0.068 0.72 3.85 2.24 5.83 7.24 7.22
ACD115Mt-6 113 2440 1340 <35.9 <1710 18.4 13100 410 3.95 45.9 18.6 34.3 7.37 248 39.8 3.66 2.46 1.85 2.49 2.51 0.09 19 1 1.05 1.52 3.51 0.303 0.36 0.18 0.116 0.37 0.031 0.43 0.173 0.28 <0.055 0.37 <0.023 9.5 0.105 0.135 2.8 4.11 2.88 8.09 12.3 22
ACD115Mt-7 107 2160 1000 <35.1 <1720 15.8 12300 404 3.91 32.9 19.9 27.5 8.07 228 33.4 2.85 2.11 1.46 0.93 1.15 <0.24 13.3 <0.32 4.51 2.01 3.85 0.296 0.93 0.32 0.157 <0.218 <0.029 0.32 0.04 0.44 <0.029 0.37 <0.041 10.2 0.001 0.001 0.75 3.05 2.04 5.44 5.58 4.84
ACD115Mt-8 635 2820 2010 102 <1610 33.8 13800 393 3.6 69.8 16.7 31.7 <1.2 128 37.6 3.99 3.21 0.97 1.22 1.29 0.64 17.2 0.16 19 15.5 20.4 1.57 5.15 0.45 <0.057 0.33 <0.024 0.11 0.022 0.15 0.047 0.37 <0.021 45.1 0.46 0.29 0.1 0.417 0.375 1.14 2.73 0.29
ACD115Mt-9 705 2690 2010 <34 <1570 33.6 13200 413 2.33 80.9 18.9 39.1 2.5 142 38.8 1.39 5.73 0.36 0.86 1.92 0.48 17.2 <0.27 15 8.75 6.83 0.63 1.34 <0.17 <0.049 0.25 <0.036 <0.118 <0.029 0.187 <0.016 <0.11 <0.036 18.3 0.001 0.078 0.24 0.482 0.188 0.636 0.88 0.23
ACD115Mt-10 139 2750 518 87.5 <1710 35.9 16400 433 2.37 75.2 20.2 36.6 <1.39 105 38.7 <0.96 0.054 <0.03 1.39 0.321 <0.13 13.3 0.37 <0.44 0.055 0.106 <0.017 <0.137 <0.21 <0.055 <0.179 <0.026 <0.114 <0.023 <0.104 <0.025 <0.19 <0.059 0.2 <0.09 <0.036 <0.083 0.041 0.205 0.06 <0.052 0.075
ACD115Mt-11 101 1620 930 90 <1660 12.4 7850 363 4.12 35.8 19.1 26.2 39.4 265 37.6 3.82 2.52 0.88 1.57 1.16 0.18 9.76 <0.25 3.01 2.97 4.26 0.242 1.47 <0.14 0.089 0.37 0.058 0.23 0.14 0.17 0.073 0.4 0.038 11.4 0.001 0.084 1.54 8.15 5.37 15.5 9.37 2.52
ACD115Mt-12 565 2960 2110 186 2180 28.3 14300 444 <0.77 56 23.1 29.2 <1.46 243 42.4 1.92 4.3 1.5 1.19 2.07 0.31 19.1 <0.34 18.2 11 7.84 0.75 1.7 <0.152 <0.072 0.28 0.046 <0.094 <0.033 0.27 0.048 0.25 0.028 23.7 <0.13 0.135 0.32 0.891 0.839 1.6 1.68 0.6
ACD115Mt-13 1240 2940 3050 63.3 <1550 36.6 14600 453 3.64 66 22.6 41.4 3.25 160 49.8 1.28 4.23 1.13 1.87 2.66 <0.17 21.6 0.36 35.5 20.2 13.5 1.16 3.21 0.61 <0.041 0.32 <0.024 0.24 0.025 0.37 <0.016 0.18 0.044 41.0 <0.082 0.08 0.13 0.395 0.32 0.636 1.34 0.59
ACD115Mt-14 168 2590 1010 72.6 <1650 26 14700 439 2.64 68 21.4 26.3 <1.39 163 43.9 0.95 4.79 0.156 0.54 0.93 <0.15 14 <0.28 5.15 0.49 0.76 0.031 <0.16 <0.14 0.076 0.001 <0.041 <0.108 <0.035 <0.063 0.065 <0.069 <0.027 1.6 <0.121 0.136 0.26 1.19 1.1 1.91 0.77 3.12
ACD115Mt-15 1390 3910 4750 46.3 <1730 30.9 14800 471 3.66 118 26.2 35.8 2.59 242 43.5 3.75 8.04 1.15 3.31 3.98 5.67 18.7 1.47 22 20.7 18.8 2 3.8 <0.11 <0.091 <0.15 0.059 0.2 <0.033 0.106 <0.018 0.17 0.021 47.0 0.15 0.159 1.68 9.02 6.18 19.3 3.45 0.92
ACD115Mt-16 168 2470 1270 <33.2 <1640 15.6 11800 406 2.63 62.5 21.8 39.8 19.8 236 40.9 3.82 3.11 1.38 0.53 0.88 0.13 11.8 0.37 3.61 1.12 2.38 0.27 0.74 0.45 0.21 0.29 <0.056 0.52 0.064 0.28 0.061 0.2 <0.041 8.0 <0.086 0.063 0.47 2.7 2.75 5.89 4.77 11.7
ACD115Mt-17 1130 3340 3440 48.1 <1530 36.2 14100 431 4.37 71.5 21.6 46.8 2.74 198 52.2 1.01 10.8 1.62 1.91 2.89 0.25 21.6 0.29 27.8 45.7 34.9 4.53 8.15 0.096 0.048 1.03 <0.031 0.2 0.046 0.3 0.087 0.14 0.035 96.9 <0.116 0.191 0.35 0.553 0.711 1.66 4.36 0.69
ACD115Mt-18 91.2 2420 727 73.5 1770 22.4 12900 399 1.46 45.4 18.6 30.4 16.4 205 41.2 3.13 1.42 0.6 1.17 1.17 0.26 13.8 <0.35 <0.41 1.15 2.21 0.073 0.92 <0.22 0.066 0.49 0.067 0.46 0.081 0.13 0.075 <0.136 0.03 6.4 <0.12 0.093 0.55 5.03 3.46 8.89 11.1 47.7
ACD115Mt-19 136 2710 751 59.1 2620 32.9 15000 430 1.22 74.5 21.2 39 <1.18 110 43.2 <1.04 0.223 <0.034 1.26 1.25 <0.12 14.9 <0.34 0.001 0.125 0.199 <0.015 <0.16 0.3 0.032 0.001 <0.014 0.068 0.05 <0.043 0.045 <0.15 0.001 0.8 0.001 <0.033 0.001 0.156 0.132 0.452 0.142 0.57
ACD115Mt-20 1450 2990 3540 80 3080 28 14700 439 3.17 74.5 23.5 43.4 3.72 145 48.7 1.43 6.84 0.53 1.55 1.93 0.37 19 0.18 19.3 14.4 11.7 1.02 3.11 0.58 <0.031 0.24 0.027 <0.181 <0.039 <0.079 <0.017 <0.16 <0.048 31.6 0.089 0.33 0.18 0.228 0.188 0.636 1.36 0.45
Prospect/sample ID Analysise ID Mg Al Si P Ca Sc Ti V Cr Mn Co Ni Cu Zn Ga As Sr Y Zr Nb Mo Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREY Hf Ta W 206Pb 207Pb 208Pb Th U
WW3312BMt-1 1350 6610 9260 24.1 766 14 1460 223 5.56 206 13.8 36.5 20.8 109 14.7 1.33 4.26 2.53 0.181 1.48 <0.068 1.59 0.13 6.11 1.43 4.37 0.661 2.57 0.31 0.056 0.33 0.046 0.46 0.13 0.42 0.073 1.2 0.264 14.9 0.056 0.087 0.29 0.134 0.068 0.066 <0.023 0.459
WW3312BMt-2 1390 3290 6080 <11.6 1570 25.7 1770 262 11 196 14.5 38.7 <0.23 99.9 18.6 <0.54 2.86 2.84 0.324 1.34 <0.036 2.08 0.074 3.23 2.72 10.9 1.6 5.12 0.44 0.074 0.79 0.074 0.58 0.111 0.47 0.093 1.34 0.215 27.4 <0.035 0.078 <0.036 0.093 0.02 <0.017 0.064 0.365
WW3312BMt-3 586 1900 3470 <13.3 <384 6.77 589 323 35.7 199 12.4 16.3 2.17 49.1 8.3 <0.64 1.33 1.72 <0.027 0.51 <0.04 2.7 0.15 2.63 1.13 3.3 0.56 2.46 0.09 0.026 0.35 0.075 0.32 0.039 0.102 0.057 0.24 0.035 10.5 0.001 0.001 <0.04 0.048 <0.019 0.049 0.021 0.26
Prospect/sample ID Analysise ID Mg Al Si P Ca Sc Ti V Cr Mn Co Ni Cu Zn Ga As Sr Y Zr Nb Mo Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ΣREY Hf Ta W 206Pb 207Pb 208Pb Th U
WW3314BMt1-1 1190 2360 6410 <56 2700 38.4 1720 544 6.15 253 13.4 41.8 3.46 29.9 6.81 2.07 2.54 3.78 0.55 0.52 <0.089 2.15 7.05 2.88 3.51 13 2.05 5.1 0.58 <0.045 0.91 0.073 0.4 0.31 1.03 0.121 0.61 0.067 31.5 <0.091 0.001 0.18 0.23 0.053 0.084 <0.039 1.11
WW3314BMt1-2 469 1720 3710 <57.8 <2430 4.67 1850 528 20.5 127 11.1 31.8 5.44 35.4 4.41 1.58 1 0.51 <0.109 0.6 0.16 2.41 <2.86 0.001 0.67 2.04 0.312 1.35 0.35 0.001 0.36 <0.022 <0.132 0.075 <0.092 <0.035 0.17 0.001 5.8 0.001 0.001 <0.125 0.151 0.166 0.084 <0.028 0.27
WW3314BMt1-3 92.3 525 2540 90 <2300 2.65 877 334 <1.56 129 12.1 46 <1.72 39.4 4.52 2.13 0.67 1.74 18.8 0.381 0.2 0.45 <2.7 0.001 0.059 0.182 <0.024 <0.135 <0.15 <0.076 0.23 0.057 <0.09 0.024 0.34 0.074 0.94 0.195 3.8 0.63 0.001 <0.069 0.268 0.075 0.147 <0.033 2.62
WW3314BMt1-4 103 160 1230 93.8 <2280 0.84 891 120 <1.52 145 11.6 70.7 <1.84 18.7 3.35 3.37 0.349 0.51 <0.062 0.085 <0.088 1.23 <1.97 <1.01 0.286 1.51 0.155 1.06 0.001 0.028 <0.17 <0.026 <0.13 <0.028 0.107 0.015 0.31 0.042 4.0 0.001 <0.047 0.22 <0.06 0.053 0.116 0.08 0.055
WW3314BMt1-5 298 859 1960 105 4240 12.2 1140 254 4.67 127 10.2 38.8 <1.59 33.2 6.85 3.23 0.63 1.09 <0.058 0.384 0.001 2.44 <1.89 0.71 0.68 2.26 0.282 1.25 0.46 <0.029 0.28 0.047 0.18 0.086 0.52 <0.032 0.27 0.039 7.4 <0.118 0.03 <0.09 0.132 <0.033 0.113 <0.018 0.49
WW3314BMt1-6 281 214 2210 119 <2230 7.41 1800 177 <1.39 129 8.49 43.5 1.83 19.2 2.89 2.71 0.094 0.76 0.001 0.113 <0.13 1.45 3.46 0.001 0.34 1.07 0.086 0.79 <0.21 0.065 0.36 <0.021 <0.13 0.039 0.108 <0.03 <0.16 <0.023 3.6 0.37 0.07 <0.097 0.101 0.055 <0.058 0.001 0.21
WW3314BMt1-7 75.7 506 1220 <48.4 <1940 2.2 667 467 4.83 120 10.8 27.4 1.52 34.9 4.3 2.09 0.235 0.316 0.214 <0.042 <0.193 0.46 <1.22 0.001 0.276 0.7 0.049 0.5 <0.188 <0.063 0.47 <0.023 0.094 0.024 0.181 <0.015 0.14 <0.028 2.8 <0.138 0.034 <0.17 <0.048 <0.051 <0.064 <0.03 0.18
WW3314BMt1-8 975 792 4080 <53.1 <2190 1.9 1150 102 <1.34 130 8.39 14.9 <1.55 13.4 6.02 3.26 1.64 1.64 0.96 2.28 0.001 3.9 2.29 2.2 2.21 4.95 0.63 2.2 0.42 <0.055 0.54 0.065 0.5 0.088 0.54 <0.017 0.69 0.149 14.6 0.001 0.32 <0.13 0.247 <0.057 <0.05 0.111 0.79
WW3314BMt-1 216 724 1830 <40.1 2550 2.19 811 370 4.07 118 9.1 45.5 <1.53 37.7 4.56 2.62 0.76 0.331 0.001 0.131 <0.152 1.15 <1.01 1.97 0.28 1.26 0.132 1.29 <0.147 0.05 0.73 <0.015 <0.16 <0.04 <0.101 0.099 0.28 0.049 4.5 0.001 0.001 <0.15 7.62 0.982 1.39 0.244 0.44
WW3314BMt-2 628 1440 3990 <40.7 3260 29.3 1300 546 <0.91 134 9.45 27.4 <1.57 28.4 4.56 4.3 2.23 3.13 0.231 0.356 0.19 1.96 1.25 1.7 1.65 6.66 0.82 2.92 0.41 0.073 0.4 0.064 0.47 0.113 0.3 <0.04 0.16 0.042 17.2 0.001 0.049 <0.118 0.158 <0.062 <0.074 <0.026 0.59
WW3314BMt-3 42.6 186 1010 <44.3 <1920 0.82 486 105 <1 94.9 22.9 59.6 3190 15.4 2.68 2.79 4.44 0.001 0.001 0.17 <0.089 0.39 1.43 6.2 0.22 0.27 <0.024 0.26 <0.28 <0.095 <0.175 0.001 0.19 <0.016 0.65 <0.03 <0.078 0.081 1.7 <0.127 0.001 <0.18 0.508 0.678 1.49 0.068 <0.064
WW3314BMt-4 1900 3020 7630 <50.2 <2140 5.17 808 79.5 <1.1 186 12.4 30.2 1370 41.9 3.91 1.71 3.41 5.41 0.36 3.59 0.001 4.4 <0.73 0.001 3.19 9.53 1.46 8.02 1.05 <0.035 0.64 0.19 0.85 0.108 0.26 0.23 1.19 0.45 32.6 <0.1 0.121 <0.15 3.63 0.3 1.01 0.62 1.07
WW3314BMt-5 589 1400 3130 177 <1910 8.67 2600 258 <0.95 153 11.6 41.1 10.7 51.5 4.7 2.49 1.8 2.16 <0.09 0.24 <0.182 3.17 4.03 7.49 1.77 5.1 0.91 1.56 0.35 0.14 0.33 <0.027 <0.13 0.145 0.42 0.25 <0.178 <0.04 13.1 0.001 <0.038 0.47 0.149 0.06 <0.063 0.032 0.6
WW3314BMt-6 127 219 1020 94.3 3680 4.61 1570 187 1.31 120 9.93 54.4 <1.61 16.6 3.83 1.69 0.61 0.188 0.31 <0.033 <0.122 1.57 <0.58 0.001 0.205 0.282 0.152 0.19 0.41 0.063 0.49 <0.015 <0.109 <0.039 <0.063 0.034 <0.151 <0.035 2.0 <0.123 <0.044 <0.116 0.28 <0.049 0.095 <0.1 0.17
WW3314BMt-7 50.2 450 1150 89.6 <1810 0.89 916 439 22.8 115 7.86 37 <1.53 31 4.83 2.05 0.313 0.189 0.001 <0.04 <0.149 1.11 <0.7 0.001 0.127 0.47 0.095 0.33 0.18 <0.053 <0.169 <0.032 0.11 0.011 0.047 <0.029 0.18 <0.041 1.7 <0.15 <0.036 <0.081 0.134 <0.064 <0.049 <0.026 0.13
WW3314BMt-8 2900 4320 9000 158 <1920 2.96 1410 103 <0.93 189 10.8 16.6 <1.65 29.7 6.42 3.3 2.98 4.33 0.62 5.47 0.41 2.24 1.6 0.001 2.76 7.96 1.27 5.09 0.54 0.052 0.54 0.163 0.46 0.135 0.27 0.153 0.26 0.188 24.2 0.26 0.062 0.16 0.402 0.126 0.131 0.188 0.72
WW3314BMt-9 1910 845 5670 83.5 <1850 6.02 1330 102 1.71 172 11.4 18 <1.48 22.8 6.97 2.49 2.06 4.49 0.78 3.08 <0.086 3.76 <0.88 1.17 3.2 10.4 1.49 5.75 1.52 <0.03 1.41 0.217 0.97 0.32 0.56 0.166 0.94 0.214 31.6 <0.086 0.49 0.15 0.204 <0.033 0.158 0.14 1.24
WW3314BMt-10 1860 925 5610 71.3 <1710 9.96 1420 106 <0.84 149 9.1 13.2 <1.46 12.8 5.36 1.76 2.53 3.61 0.89 2.98 0.074 3.56 0.6 2.69 2.75 10.3 1.29 4.1 0.69 0.147 1 0.174 0.41 0.162 0.44 0.094 0.84 0.19 26.2 0.26 0.113 <0.075 0.22 <0.042 <0.043 0.107 0.77
WW3314BMt-11 30.2 356 776 179 4470 2.92 1030 117 <0.9 107 13.9 58.8 194 52.5 3.39 3.16 0.16 0.001 0.001 0.2 <0.177 <0.31 <0.72 0.001 0.33 0.105 0.028 <0.136 <0.104 <0.076 <0.2 <0.021 <0.171 0.075 <0.045 0.069 <0.13 0.059 0.7 <0.089 <0.058 <0.08 <0.043 <0.044 <0.038 <0.047 <0.07
WW3314BMt-12 762 1710 2560 202 <1860 <0.43 1410 125 <0.92 189 10.8 41.2 3.05 25 5.07 1.43 1.05 0.29 <0.064 0.31 <0.091 0.45 <0.49 0.001 0.247 0.92 0.097 0.79 <0.152 <0.064 <0.21 0.023 <0.176 <0.017 0.24 <0.04 0.001 <0.033 2.6 <0.129 <0.027 0.29 1.47 0.126 0.442 <0.034 0.24
WW3314BMt-13 441 769 2780 <43.6 <1840 7.18 1170 135 1 130 10.2 57.6 2.49 24.3 7.43 1.67 0.87 1.51 <0.066 0.312 0.001 1.52 <0.61 0.72 0.97 3.28 0.51 1.23 0.42 <0.033 0.41 0.046 0.17 0.082 0.14 <0.031 0.53 <0.024 9.3 <0.094 <0.039 <0.059 <0.041 <0.042 <0.056 0.039 0.21
WW3314BMt-14 1160 677 4020 <42.3 <1870 15.7 1690 111 <0.87 132 12.1 45.6 3.25 24.7 7.29 <1.16 1.53 2.04 0.44 1.68 <0.089 1.08 <0.4 0.001 1.73 6.08 0.92 2.43 0.34 <0.031 0.32 0.105 0.18 0.064 0.45 0.079 0.63 0.208 15.6 0.001 0.06 <0.096 0.06 <0.049 <0.05 0.055 0.47
WW3314BMt-15 697 604 2450 52.9 <1800 8.14 1190 151 <0.82 121 10.1 52.5 3.22 20.4 5.27 2.59 1.13 1.59 0.5 0.75 0.001 <0.3 <0.54 0.001 1.14 3.46 0.76 1.52 <0.21 0.12 0.23 0.167 0.45 0.048 0.33 0.001 0.37 <0.022 10.2 0.001 0.001 <0.077 0.376 <0.039 0.247 <0.043 0.3
WW3314BMt-16 298 666 1930 <42 2840 11.7 2140 223 2.33 121 9.47 42.6 <1.68 62.9 8.39 1.44 0.31 0.84 <0.064 0.001 <0.092 0.74 0.38 <0.45 0.46 1.32 0.169 1.7 <0.11 <0.078 <0.18 <0.027 <0.115 <0.024 <0.047 0.023 <0.077 <0.037 4.5 0.001 <0.038 <0.16 <0.057 <0.057 <0.048 0.044 0.28
WW3314BMt-17 2550 1340 8070 <42.3 <1820 16.7 1220 90.6 1.19 163 11.5 30.9 <1.6 21.1 12.5 2.86 2.81 9.68 1.39 4.51 <0.09 2.12 1.26 1.07 4.15 13.7 2 9.7 1.35 0.144 1.1 0.158 1.6 0.29 1.67 0.27 2.08 0.41 48.3 0.001 0.4 <0.125 0.275 0.097 <0.052 0.216 0.99
WW3314BMt-18 386 197 1980 86.5 <3040 3.88 1050 91.5 2.77 123 8.44 33.9 <2.82 48.8 9.86 <1.81 0.4 1.36 <0.108 0.13 <0.268 1.54 0.65 0.001 0.73 2.91 0.32 0.39 <0.181 0.11 <0.35 <0.026 <0.25 0.066 <0.137 0.08 0.57 <0.039 6.5 <0.154 <0.063 0.5 0.237 0.366 0.636 0.08 0.3
WW3314BMt-19 1080 612 4260 47.9 3870 7.02 979 99.7 <0.79 135 12.4 53 <1.63 19 7.63 2.48 1.37 4.26 0.42 1.16 <0.127 0.56 <0.38 2.86 1.68 5.07 0.67 4.63 <0.21 0.12 0.35 0.04 0.85 0.178 0.46 0.184 1.2 0.123 19.8 <0.089 0.27 <0.107 0.057 0.04 0.089 <0.047 0.31
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 ELECTRONIC APPENDIX A FOR CHAPTER 6 








1 673 321 10700 46.7 1320 0.015 76.7 5.41 0.212 60 1.74 3.33 1.28 18.6 3.92 140 7.19 278 0.33 9.6 10.7 22.6 154 304 31.3 110 21.4 1.51 24.7 4.48 34.5 8.8 34.2 6.71 74 21 0.046 25.1 1.99 39.6 9.22 1.08 0.236 10.5 1108.6
2 388 542 7200 29.7 1570 0.017 184 32.2 <0.13 44.5 1.45 4.35 0.523 12.2 2.9 83.3 8.32 219 0.76 26.8 4.03 7.57 126 252 25.7 93.4 19 1.19 21.5 3.75 27.9 6.83 22.7 3.44 34.8 8.95 0.584 15.8 1.08 20.5 4.47 0.528 0.195 5.19 866.2
3 431 1080 11600 127 1550 <0.105 200 34.1 <0.85 199 4.8 6.57 2.95 28 5.57 571 9.27 241 0.97 40.2 18.2 9.5 169 368 33.3 110 20.3 1.95 23.9 4.18 30.5 8.07 29.7 5.85 54.4 16.7 0.529 81.2 6.85 26.6 7.12 0.753 0.983 8.86 1116.9
4 583 260 10400 53.1 883 <0.116 31.2 0.107 <0.88 71.4 2.86 2.02 0.88 16.4 4.54 177 4.44 206 0.152 2.68 17.3 40.7 104 216 20.9 77.7 15.5 1.13 16.6 3.41 26.4 6.74 27.5 5.06 58 16.8 <0.01 23.9 1.07 22.3 5.07 0.459 0.131 5.66 801.7
5 1510 489 16800 65.7 4330 0.132 37 6.43 <0.81 90.6 2.59 3.85 0.38 15.1 4.07 428 23.3 869 0.231 14.3 18.2 31.5 546 1090 106 363 67.2 5.54 79.9 14.7 106 27.2 104 20.3 222 62.9 0.029 74.4 3.9 128 30.1 3.17 0.452 33.8 3683.7
6 119 222 4750 24 392 <0.11 9.42 3.01 <0.96 37.2 1.67 2.26 0.39 13.3 3.47 88.4 1.66 101 0.145 2.48 21.4 28.5 31.7 77.3 7.49 29.4 6.98 0.422 9.14 1.59 13.3 3.54 12.9 2.93 29.1 8.05 0.027 28.7 0.747 21.5 4.93 0.638 0.328 5.9 334.8
7 1060 246 13500 58 3050 <0.142 10.4 0.111 <0.94 89.5 3.11 2.46 0.28 17.7 5.09 425 14.8 678 0.071 1.68 16.9 42 384 748 76.4 260 49.5 3.88 63.6 11 84.1 21.9 80.3 15.8 170 49.6 <0.006 67.2 1.67 97.8 24.1 2.9 0.244 27.2 2696.1
8 1880 2280 10300 39 4270 <0.29 155 34.7 <1.07 99.3 2.33 7.14 1.03 39.1 6 284 20.8 250 1.59 51 7.33 6.98 262 604 49.1 162 26.9 3.21 27.7 5.28 36.8 7.98 26.3 4.77 40.5 10.7 1.04 44.4 1.59 42.3 10.9 1.22 0.484 12.6 1517.2
9 404 710 8380 22.8 2550 <0.42 153 35.3 1.09 49.2 0.61 3.52 0.55 22.7 5.02 91.6 13.8 139 1.48 45.7 0.86 5.71 156 310 29.8 96 17.6 1.63 22.6 3.13 21.3 4.12 12.2 1.73 13.8 2.9 1.68 15.9 2.97 14.3 4.08 0.545 0.589 5.22 831.8
10 1100 600 12600 101 5570 <0.39 138 28.9 <1.38 66.8 1.3 2.9 2.14 15.9 4.4 287 36.7 866 2.39 91.2 7.24 8.53 742 1470 141 475 82.7 7.5 102 17.3 117 28.7 103 20.5 198 52.2 1.03 63.3 13.5 96.9 25 2.7 2.71 30.4 4422.9
11 468 382 5100 57.5 1960 <0.25 71.1 8.03 <0.69 46.1 1.95 4.34 1.65 23 2.6 191 9.59 413 0.66 12 10.9 10.2 182 415 38.2 138 26.7 1.99 34.6 6.28 48.1 12.5 46.6 9.32 108 31.1 <0.013 37 3.53 61.6 12.7 1.1 0.6 14.4 1511.4
12 539 1050 8350 690 3150 <0.31 166 37.1 <0.97 57.8 1.04 4.06 0.69 15.6 6.11 106 15 168 3.77 50.3 2.34 4.9 215 493 42.7 137 20.8 2.72 20.7 2.71 23.5 5.28 18.2 3.03 27.5 6.8 0.96 34.3 10.8 28.6 5.7 0.737 0.526 6.96 1186.9
13 664 990 8840 26.4 2930 <0.27 135 35 <0.7 57.8 1.04 4.1 0.59 17.5 4.36 118 15.3 177 1.54 45.7 2.4 4.16 195 402 37.7 121 20.4 2.45 22.2 3.59 24.4 5.06 17.3 2.72 23.6 5.2 1.23 24.3 2.9 22.2 5.61 0.523 0.563 6.69 1059.6
14 489 770 6190 36 1430 <0.2 95.1 16.7 1.25 52.6 1.99 5.49 4.01 23.1 3.2 152 9.67 314 0.98 20.9 11.1 10.1 172 395 35.9 125 24.7 1.73 29 4.88 37.8 9.59 36.4 7.68 81.4 23.2 0.088 31.2 3.22 57.6 13.3 1.92 1.34 16.5 1298.3
15 1010 3920 11300 374 2780 <0.6 280 24.8 NA 152 3.21 69.5 24.6 89.4 NA 166 18.6 113 0.88 30.4 0.052 8.82 411 813 92.1 326 44.5 5.78 32.5 3.86 19.7 3.77 12.1 2.03 16.1 4.49 1.05 15.1 3.96 3.86 1.03 0.187 0.472 1.68 1899.9
16 2940 685 15000 <49.3 5150 <0.6 119 3.46 NA 122 3.55 38.8 <9.71 22.7 NA 358 20.3 583 0.503 8.29 0.123 46.3 209 454 51.7 199 46.4 4.22 63 11.1 78.7 18.4 67.6 13.1 117 34.2 <0.102 20.9 0.788 17.9 4.64 0.651 0.318 5.61 1950.4
17 428 313 7290 <47.4 <1590 <0.56 36.7 0.982 NA 47.1 4.26 20.6 <9.37 14.4 NA 350 1.31 78.8 <0.152 1.13 0.067 37.7 19.3 43.8 5.37 21.4 4.96 0.367 7.53 1.4 9.95 2.54 10.2 2.03 19.4 5.73 <0.088 11.9 0.151 1.9 0.534 0.06 0.047 0.642 232.8
18 974 3870 8320 <47 <1670 <0.56 273 25.3 NA 92.7 2.92 48.8 10.6 40.3 NA 135 4.87 114 0.429 165 0.045 17 42 93.3 11 42.1 10.1 0.854 12.1 2.17 14.9 3.57 12.9 2.57 21.8 6.57 0.821 11.8 0.204 4.36 1.36 0.161 0.09 1.61 389.9
19 1470 295 6070 <43.7 2810 <0.51 32.9 <0.148 NA 57.5 3.6 25.6 <9.48 19 NA 71.4 4.06 190 <0.166 3.99 0.036 36.2 37.5 92.3 12 51.2 13.7 1.12 19.8 3.49 24.2 6.02 21.6 4.25 38.2 11 <0.078 7.79 0.14 4.92 1.26 0.14 0.022 1.42 526.4
20 1080 242 6140 <47.6 <1740 <0.57 47.9 0.155 NA 61 3.99 24.2 <8.8 26 NA 114 5.45 195 0.229 6.57 0.049 35.9 39.8 97 12.1 52 13.3 1.08 19.7 3.66 25.2 6.19 22.1 4.32 37 11.5 <0.079 12.4 0.164 6.63 1.75 0.243 0.076 2.06 540.0
1 1030 573 6600 41.6 2150 0.656 594 75.8 <0.23 60.1 1.99 4.8 0.273 28.7 2.58 1.03 5.61 3.54 1.62 15.9 0.11 8.74 34.7 65.1 7.07 22.6 2.7 0.257 1.3 0.183 0.988 0.174 0.519 0.115 1.11 0.336 0.87 0.042 1.52 1.84 0.515 0.129 0.318 0.963 140.7
2 620 5320 16900 13.8 2000 0.18 204 44.8 1.14 128 1.1 5.69 1.66 43.1 9.02 6.54 9.59 5.4 0.79 29.7 0.38 4.87 8.99 26.2 3.29 11.7 1.52 0.204 1.52 0.134 0.66 0.182 0.73 0.111 1.36 0.453 1.47 0.27 1.22 2.43 2.06 0.426 0.726 3.21 62.5
3 1000 8690 24600 17.4 3200 <0.138 395 64.7 <0.93 212 1.49 6.81 0.19 48.3 14.1 4.01 8.91 6.95 0.88 48.7 0.66 12 9.69 32.4 3.76 12.7 1.97 0.201 1.97 0.239 1.35 0.27 0.9 0.134 1.69 0.498 1.65 0.52 0.81 2.83 1.09 0.216 0.384 1.69 74.7
4 158 1080 13100 23 1510 <0.103 113 38.7 <0.75 64.1 1.2 4.37 1.57 36.6 5.94 7.3 9.47 3.63 0.452 16.2 0.096 2.76 7.35 19.8 2.46 8.4 1.26 0.066 0.67 0.13 0.61 0.158 0.453 0.073 1.13 0.238 1.04 0.19 1.22 2.22 3.33 0.336 0.878 4.54 46.4
5 294 1320 4200 21.1 1280 <0.28 171 31.8 <0.64 63.9 1.13 3.24 0.92 24 5.3 4.09 6.62 4.51 0.69 15.9 0.044 5.85 85.3 154 15.8 54.4 6.19 0.95 4.71 0.42 1.98 0.235 0.73 0.054 1.19 0.189 1.29 <0.056 12.1 2.39 0.997 0.241 1.22 2.46 330.7
6 77.3 916 4900 13.1 1840 0.26 337 30.1 <0.56 54.6 0.71 4.41 1.05 26.9 4.4 3.75 5.13 11.7 1.48 18 10.4 3.62 16.5 70.5 7.3 27 4.04 0.71 2.4 0.413 2.75 0.47 1.85 0.395 2.27 0.415 0.533 67.3 3.84 516 112 11.6 1.59 125 148.7
7 260 2320 7450 14.3 1780 <0.33 252 35.6 <0.82 67.5 1.96 4.21 7.33 31.7 7.26 2.82 7.8 4.38 0.63 14.4 0.17 5.16 69.5 150 16.1 48.7 5.21 0.45 2.93 0.288 0.9 0.192 0.6 0.061 0.72 0.257 1.33 0.28 3.03 1.55 0.999 0.254 0.815 2.07 300.3
8 636 2070 8270 14.3 1810 0.39 166 35.7 0.9 82.5 0.93 3.34 0.9 29.4 7.09 3.83 7.29 5.47 0.78 22.8 0.086 4.84 10.9 28.5 3.24 11.1 1.73 0.188 0.91 0.193 0.92 0.187 0.59 0.101 1.71 0.377 1.57 0.094 0.8 2.17 1.32 0.267 0.615 2.21 66.1
9 100 699 3110 14.6 1170 <0.3 148 32 <0.87 42.3 0.94 2.61 0.54 20.3 4.97 4.17 4.91 2.64 0.23 15.8 <0.127 2.78 27.8 80.9 5.54 17.8 1.59 0.226 1.27 0.138 0.59 0.108 0.36 0.065 0.95 0.221 0.43 0.11 1.58 1.55 0.654 0.139 0.284 1.08 140.2
10 460 962 6560 15.9 2530 <0.29 194 31.4 <0.71 62.6 2.33 3.82 2.02 16.3 6.95 4.24 5.86 9.93 1.01 51.8 0.25 5.47 14 45.4 4.8 14.8 2.17 0.262 2.48 0.223 2.15 0.519 1.47 0.213 1.84 0.342 0.67 <0.001 4.71 15 3.66 0.879 1.09 5.62 100.6
11 293 1340 9510 8.65 2410 <0.29 190 45.7 0.85 58.7 1.08 3.28 <0.16 15.1 7.5 <1.74 5.53 7.43 0.93 27.3 0.051 5.39 12.3 32.5 3.64 14.3 2.89 0.216 1.6 0.301 1.35 0.33 1.14 0.163 1.53 0.394 0.69 0.074 1.19 2.09 0.865 0.097 0.153 1.11 80.1
12 49.5 443 1160 9.87 601 <0.24 86.6 60.2 <0.73 48.3 0.607 4.07 0.46 42.4 3.29 7.43 7.07 7.15 0.76 174 69.8 17.6 83.7 203 14.3 38.8 3.46 0.78 1.59 0.186 1.47 0.346 1.11 0.264 2.52 0.503 0.622 802 20 844 165 16.9 2.6 185 359.2
13 58.4 377 <750 10.3 354 <0.23 51.7 42.2 <0.72 46 0.94 3.42 0.94 27.6 2.39 4.46 4.46 3.18 0.372 50.2 76.8 4.93 47.2 108 7.17 17.7 1.59 0.243 0.65 0.093 0.6 0.156 0.69 0.106 1.32 0.238 0.385 580 5.75 393 73.2 8.01 0.983 82.2 188.9
14 118 1280 4390 14 17300 <0.32 227 36.5 1.13 50.2 1.96 3.16 1.14 24 7.76 <2.07 22.2 13.7 0.41 19.6 1.72 7.52 10.1 34.4 3.93 11.5 1.66 0.156 1.11 0.136 1.12 0.364 0.7 0.104 0.79 0.319 0.79 7.72 1.01 7.25 2.3 0.249 0.268 2.82 80.1
15 307 473 7480 <6.03 883 <0.107 149 35.6 1.47 50.2 2.72 4.93 5.25 27 3.21 3.7 4.7 4.55 0.77 373 24.2 9.42 13.1 33 3.28 11.8 1.11 0.238 0.69 0.16 0.85 0.211 0.66 0.176 1.43 0.411 3.72 110 11.9 161 35.2 3.52 2.39 41.1 71.7
16 341 666 6590 <4.89 906 <0.092 134 35.8 0.54 48.6 1.43 5.37 1.55 26.8 2.65 3.49 4.09 4.17 0.578 139 9.84 7.24 8.14 22.3 2.23 7.06 0.9 0.131 0.77 0.108 0.78 0.187 0.71 0.212 1.42 0.211 3.06 95.4 5.84 109 24.5 2.52 0.826 27.9 49.3
17 42 397 1870 5.29 868 <0.096 143 22 1.28 83.8 3.55 2.64 8.07 109 2.99 2.9 12.5 6.89 0.837 141 41.4 51 54.2 126 9.76 26.1 2.28 0.651 1.53 0.228 1.56 0.468 1.55 0.367 3.11 0.539 1.02 293 23 1110 247 25 3.15 275 235.2
18 59.2 491 1590 26 4750 <0.071 126 20.8 <0.57 71.1 1.76 3.26 4.21 69.6 2.59 4.7 11 14.5 3.62 59.4 60.7 24.8 51 102 8.43 24.2 3.24 0.711 2.4 0.483 3.47 0.849 2.65 0.483 3.96 0.743 0.364 419 29.3 1070 145 13.6 0.494 159 219.1
19 45.9 300 1250 <4.66 206 <0.086 106 32.5 1.57 54.6 1.43 3.97 1.88 24.8 1.91 3.63 4.78 5.48 1.47 236 45.7 15.9 28.9 59.3 4.34 12 1.33 0.177 0.84 0.161 1.35 0.279 1.2 0.251 2.49 0.566 1.32 277 30.4 711 141 15 3.08 159 118.7
20 259 1680 15300 55.2 2630 0.182 393 43 0.86 64.3 0.8 3.85 0.49 25 9.48 3.69 9.56 10.5 1.31 36.4 0.08 6.81 45.9 121 11.6 32.9 4.78 0.668 2.68 0.385 2.24 0.472 1.26 0.26 1.99 0.482 1.45 <0.096 3.32 2.69 1.42 0.108 0.316 1.84 237.1
1 36.2 409 578 14 <151 <0.093 136 31.4 <0.54 48.9 1.66 5 1.17 49 2.79 <1.17 3.73 3.21 0.714 194 44.2 12.5 23.8 70.4 7.78 25 1.83 0.285 1.37 0.127 0.64 0.198 0.504 0.11 0.84 0.183 2.47 549 3.84 117 27.9 2.87 0.626 31.4 136.3
2 20.1 388 534 6.1 <126 <0.08 158 30.8 0.65 54.5 2.31 2.76 4.36 72.1 2.5 <1.06 5.4 3.12 1.25 573 72.7 64.2 11.1 25.4 1.92 5.67 0.6 0.097 0.39 0.096 0.572 0.189 0.69 0.134 1.68 0.332 1.97 425 36.6 543 113 11 3.06 127 52.0
3 12.8 133 397 8.51 434 0.107 238 58.6 <0.63 26.7 1.58 6.49 2.99 19.6 3.84 18.6 11.1 6.95 0.95 278 92.3 38.2 14.7 41 2.74 10.1 1.26 0.24 1.16 0.226 1.84 0.49 1.59 0.401 3.5 0.553 2.78 624 25.7 798 154 14.7 4.74 173 86.8
4 38.9 382 728 <4.98 399 <0.085 132 57.7 1.01 43.9 0.829 5.37 1.42 26.4 2.78 6.82 3.8 5.26 0.658 237 89.8 54.4 26.1 49.5 4.09 14.3 1.96 0.314 1.52 0.185 1.35 0.253 1.29 0.27 2.43 0.434 2.32 685 20.8 705 135 13.5 2.97 151 109.3


































11aODMt-10 2.897 0.060 0.207 0.003 0.641 73 1653 38 1212 15 1381 16 3 26696 2694 852 6366 144930
11aODMt-5 2.787 0.064 0.199 0.003 0.625 71 1656 44 1171 15 1352 17 7 11417 1163 348 2010 63218
11aODMt-13 2.901 0.072 0.206 0.003 0.614 72 1666 47 1206 17 1382 19 0 13150 1358 412 2420 74547
11aODMt-21 3.165 0.090 0.223 0.004 0.574 77 1679 54 1297 19 1449 22 6 13994 1450 657 5077 74189
11aODMt-12 2.885 0.079 0.202 0.003 0.581 71 1685 52 1188 17 1378 21 0 9854 1023 205 2082 55457
11aODMt-19 3.380 0.095 0.237 0.004 0.584 81 1685 53 1372 20 1500 22 2 9630 1007 467 2192 47807
11aODMt-6 3.027 0.154 0.211 0.005 0.488 73 1696 97 1236 28 1415 39 11 1686 174 46 182 8834
11aODMt-11 3.371 0.225 0.235 0.007 0.469 80 1704 127 1360 38 1498 52 2 1446 151 111 343 6557
11aODMt-20 3.244 0.081 0.225 0.003 0.600 77 1705 47 1310 18 1468 19 0 9005 945 441 2866 44540
11aODMt-11 2.793 0.089 0.194 0.003 0.546 67 1708 61 1141 18 1354 24 21 9015 938 283 1840 51407
11aODMt-7 2.676 0.060 0.186 0.003 0.623 64 1709 43 1099 14 1322 17 6 13525 1423 231 2121 78523
11aODMt-8 3.180 0.130 0.220 0.005 0.527 75 1716 78 1281 25 1452 32 0 5999 632 545 5190 31934
11aODMt-16 3.067 0.103 0.211 0.004 0.553 72 1721 64 1235 21 1425 26 1 5295 562 89 151 29048
11aODMt-8 3.168 0.125 0.218 0.004 0.518 74 1722 76 1271 24 1450 31 0 3130 329 112 487 15936
11aODMt-22 3.189 0.095 0.219 0.004 0.573 74 1724 56 1277 20 1455 23 19 11723 1261 468 3673 64001
11aODMt-9 2.938 0.119 0.201 0.004 0.522 68 1729 77 1183 23 1392 31 8 2643 282 123 950 14969
11aODMt-3 3.323 0.083 0.227 0.004 0.621 76 1734 47 1319 19 1486 20 32 10290 1102 624 1665 53264
11aODMt-9 3.756 0.093 0.256 0.004 0.598 85 1738 46 1471 19 1583 20 44 45438 4770 2529 22722 214726
11aODMt-4 2.696 0.133 0.183 0.004 0.494 62 1743 94 1085 24 1327 37 0 2093 221 67 688 12190
11aODMt-6 2.782 0.057 0.190 0.003 0.657 64 1744 39 1119 14 1351 15 0 16592 1779 299 1935 94435
11aODMt-5 2.818 0.084 0.191 0.003 0.570 65 1746 57 1129 18 1360 22 26 7009 751 300 2717 41505
11aODMt-4 3.183 0.085 0.215 0.003 0.601 71 1757 50 1256 18 1453 21 0 8216 887 119 407 43167
11aODMt-23 3.887 0.197 0.262 0.007 0.504 85 1762 96 1498 34 1611 41 0 9673 1076 971 6109 44405
11aODMt-8 3.225 0.090 0.217 0.004 0.582 72 1764 53 1265 19 1463 22 5 5830 631 674 3640 29654
11aODMt-27 4.261 0.154 0.287 0.006 0.533 92 1766 68 1624 28 1686 30 45 21836 2430 1121 3303 95511
11aODMt-2 3.188 0.117 0.214 0.004 0.537 71 1767 70 1250 22 1454 28 0 3590 384 221 407 19205
11aODMt-2 3.059 0.175 0.205 0.006 0.498 68 1778 109 1200 31 1423 44 0 2154 234 132 1142 11920
11aODMt-1 3.428 0.097 0.228 0.004 0.580 75 1780 54 1327 20 1511 22 1 4561 496 215 1162 21876
11aODMt-1 3.442 0.211 0.229 0.007 0.492 75 1783 116 1330 36 1514 48 4 1810 195 159 149 9094
11aODMt-7 2.991 0.083 0.198 0.003 0.576 65 1788 53 1167 17 1405 21 12 5650 611 175 406 31773
11aODMt-2 3.157 0.096 0.209 0.004 0.588 68 1793 57 1223 20 1447 23 0 7770 863 336 1772 44709
11aODMt-15 3.478 0.136 0.230 0.005 0.540 74 1794 74 1334 26 1522 31 19 7440 826 228 288 38955
11aODMt-18 3.763 0.121 0.248 0.005 0.574 79 1799 60 1430 24 1585 26 13 8006 898 469 2132 39156





















stdGJ-1 0.794 0.011 0.097 0.001 0.719 100 594 32 595 6 594 6 9 23459 1402 238 6741 232674
stdGJ-2 0.811 0.012 0.096 0.001 0.719 90 659 32 590 6 603 6 4 23581 1451 247 6544 233751
stdGJ-3 0.797 0.012 0.097 0.001 0.715 103 583 34 599 6 595 7 2 25137 1496 271 7325 260858
stdGJ-4 0.803 0.011 0.097 0.001 0.728 96 618 32 595 6 599 6 0 22812 1382 241 6445 228393
Ples-1 0.407 0.006 0.055 0.001 0.697 96 358 36 345 4 347 5 0 35377 1898 985 50709 665097
Ples-2 0.403 0.006 0.055 0.001 0.746 102 339 32 345 3 344 4 2 33009 1759 898 45221 580803
Temora-1 0.508 0.012 0.066 0.001 0.516 92 449 53 413 5 417 8 14 5900 331 653 25897 87225
Temora-2 0.496 0.009 0.065 0.001 0.619 90 447 43 403 5 409 6 0 14886 835 2354 106560 239975
stdGJ-5 0.785 0.011 0.095 0.001 0.721 95 615 32 583 6 589 6 0 24566 1484 264 7139 254571
stdGj-6 0.779 0.011 0.094 0.001 0.725 95 611 32 579 6 585 6 0 24073 1450 268 6931 242599
stdGj-7 1.311 0.023 0.163 0.002 0.626 177 548 39 973 10 850 10 0 11756 689 117 2005 69304
stdGJ-1 0.800 0.012 0.097 0.001 0.729 102 588 32 599 6 597 7 3 23413 1397 275 6812 240347
stdGJ-2 0.816 0.012 0.098 0.001 0.731 99 610 32 604 6 606 7 0 23989 1446 244 6943 244858
stdGJ-3 0.807 0.012 0.098 0.001 0.732 102 593 32 603 6 601 7 4 24193 1448 274 7029 246479
stdGJ-4 0.801 0.012 0.097 0.001 0.734 99 601 32 596 6 597 7 11 23449 1409 275 6796 242198
Ples-1 0.410 0.006 0.056 0.001 0.734 107 328 33 352 4 349 4 0 31814 1682 877 42892 558860
Ples-2 0.410 0.006 0.056 0.001 0.736 104 339 33 351 4 349 4 0 30702 1633 789 40998 536274
Temora-1 0.522 0.012 0.066 0.001 0.534 82 503 52 413 5 427 8 7 7117 406 1118 48436 108269
Temora-2 0.521 0.013 0.066 0.001 0.531 82 504 56 411 5 426 9 9 8532 490 771 34393 140933
stdGJ-5 0.840 0.014 0.097 0.001 0.660 86 696 36 599 6 619 8 0 23509 1465 196 6724 238262
stdGJ-6 0.808 0.014 0.097 0.001 0.657 97 614 37 598 6 601 8 0 22740 1371 232 6512 235520
stdGJ-7 0.810 0.014 0.098 0.001 0.659 101 598 37 604 6 602 8 0 22425 1343 226 6392 230337
stdGJ-1 0.795 0.012 0.097 0.001 0.694 101 588 34 596 6 594 7 1 22066 1305 221 6343 220822
stdGJ-2 0.780 0.012 0.096 0.001 0.695 105 564 34 591 6 585 7 8 22188 1297 214 6413 224858
stdGJ-3 0.834 0.013 0.100 0.001 0.696 99 623 34 614 6 616 7 0 21458 1287 209 5990 209221
stdGJ-4 0.825 0.013 0.099 0.001 0.678 99 616 35 609 6 611 7 0 21011 1256 227 5817 203586
Ples-1 0.420 0.006 0.057 0.001 0.728 97 364 33 355 4 356 4 7 31926 1705 862 42458 555014
Ples-2 0.413 0.006 0.056 0.001 0.741 101 348 32 352 4 351 4 0 32622 1742 953 45422 586231
Temora-1 0.515 0.010 0.066 0.001 0.591 87 475 45 412 5 422 7 0 10388 586 1309 58507 162584
Temora-2 0.521 0.009 0.068 0.001 0.652 97 439 38 424 4 426 6 16 15066 835 2391 96196 219689
stdGJ-5 0.823 0.012 0.096 0.001 0.702 88 672 33 593 6 610 7 3 22143 1359 236 6318 224351
stdGJ-6 0.812 0.014 0.097 0.001 0.638 94 635 38 595 6 603 8 0 21701 1312 229 6277 221487












ThConc. % 1σ 1σ
1σ 1σ
Coarse grained magnetite
Analysis # 1σ 1σ rho
Isotopic Ratios Isotopic Dates Isotope Concentrations
Calibrated using zircon reference materials 





































1 6.635 0.314 0.438 0.008 0.376 130 1797 84 2342 35 2064 42 20 11 3378 366 174 9580
2 9.504 0.426 0.371 0.008 0.455 75 2706 74 2033 36 2388 41 26 30 2180 399 518 7303
3 5.095 0.158 0.343 0.005 0.487 108 1759 55 1903 25 1835 26 20 13 7164 760 302 25906
4 5.949 0.220 0.398 0.006 0.418 122 1772 66 2160 28 1968 32 11 14 3987 426 188 12438
5 6.051 0.494 0.407 0.009 0.275 125 1764 144 2201 42 1983 71 5 11 1874 199 99 5718
6 4.923 0.384 0.331 0.007 0.275 104 1764 137 1843 34 1806 66 6 10 1885 200 47 7074
7 5.308 0.191 0.351 0.005 0.433 108 1796 64 1938 26 1870 31 11 22 5025 543 103 17787
8 4.545 0.162 0.312 0.005 0.425 101 1725 64 1751 23 1739 30 1 5 4881 508 139 19414
9 4.646 0.195 0.316 0.005 0.375 101 1744 75 1769 24 1758 35 3 0 3831 402 170 15053
10 4.375 0.350 0.301 0.007 0.285 98 1722 142 1696 34 1708 66 0 0 2527 262 113 10420
11 4.793 0.193 0.315 0.005 0.424 98 1806 72 1765 26 1784 34 1 5 7383 802 151 29085
12 5.167 0.161 0.350 0.005 0.482 110 1752 56 1933 25 1847 27 10 9 9038 953 343 32062
13 5.306 0.169 0.356 0.005 0.476 111 1768 57 1963 26 1870 27 14 25 10515 1118 335 36625
14 5.051 0.148 0.335 0.005 0.478 104 1791 52 1861 23 1828 25 10 10 7808 840 306 28916
15 4.272 0.222 0.289 0.005 0.319 93 1755 92 1634 24 1688 43 3 16 4243 447 136 18223
16 4.771 0.139 0.321 0.005 0.481 102 1761 51 1796 22 1780 24 2 14 8174 865 318 31516
17 3.964 0.241 0.269 0.005 0.298 88 1750 108 1534 25 1627 49 8 7 4050 426 109 18678
18 4.960 0.163 0.336 0.005 0.437 107 1749 58 1868 23 1813 28 10 19 7071 743 188 26053
19 5.692 0.183 0.384 0.005 0.445 119 1758 57 2094 26 1930 28 6 9 7441 786 372 24005
20 4.351 0.191 0.302 0.005 0.353 100 1706 79 1701 23 1703 36 8 4 5403 554 58 22151
21 4.586 0.225 0.309 0.005 0.331 99 1759 87 1736 25 1747 41 3 8 4567 482 23 18289
22 5.554 0.511 0.372 0.008 0.227 115 1770 161 2039 37 1909 79 26 21 2165 230 142 7204
23 4.694 0.254 0.316 0.005 0.310 100 1764 96 1768 26 1766 45 7 4 3882 411 279 15224
24 4.933 0.324 0.328 0.006 0.287 103 1783 116 1830 30 1808 55 16 18 3509 375 151 13227
25 4.732 0.150 0.324 0.005 0.454 104 1732 56 1808 23 1773 27 2 0 7599 790 181 29038
1 5.739 0.164 0.386 0.006 0.507 119 1764 50 2103 26 1937 25 0 6 6568 696 149 21325
2 6.352 0.352 0.429 0.008 0.329 131 1756 99 2301 35 2026 49 4 2 2535 267 66 7399
3 6.090 0.200 0.410 0.006 0.469 126 1763 58 2214 29 1989 29 0 2 5662 599 110 17289
5 5.413 0.264 0.365 0.007 0.369 114 1759 87 2006 31 1887 42 4 9 3905 412 152 13371
6 5.932 0.350 0.397 0.007 0.319 122 1771 105 2156 34 1966 51 0 5 2478 263 91 7791
7 7.918 1.125 0.559 0.018 0.232 171 1674 244 2862 76 2222 128 7 9 1187 119 7 2650
8 6.898 0.289 0.396 0.007 0.407 105 2047 73 2151 31 2098 37 0 1 3495 433 303 11005
9 4.746 0.194 0.315 0.005 0.388 99 1786 73 1766 24 1775 34 0 1 4175 448 374 16511
10 6.077 0.356 0.411 0.008 0.344 127 1752 104 2221 38 1987 51 5 5 3583 377 86 10855
11 4.997 0.129 0.339 0.005 0.546 107 1749 46 1880 23 1819 22 4 4 8108 852 261 29810
12 5.077 0.104 0.341 0.005 0.659 107 1763 35 1894 22 1832 17 0 5 14926 1582 666 54396
13 5.605 0.154 0.374 0.005 0.525 115 1777 48 2049 25 1917 24 0 2 6919 739 213 23003
17 10.945 0.511 0.475 0.009 0.411 99 2529 77 2505 40 2519 43 6 17 2047 336 368 5359
18 4.907 0.148 0.329 0.005 0.484 104 1768 54 1834 23 1803 26 10 10 5947 632 256 22453
19 5.718 0.097 0.385 0.005 0.771 119 1762 28 2099 23 1934 15 1 21 24126 2556 1314 77842
20 6.925 0.165 0.477 0.007 0.584 146 1720 42 2514 29 2102 21 11 11 9497 983 476 24713
21 5.639 0.254 0.375 0.007 0.393 115 1786 81 2051 31 1922 39 0 12 4789 514 206 15858
22 4.833 0.094 0.323 0.004 0.685 101 1777 33 1802 21 1791 16 0 8 19769 2112 907 75957
23 5.227 0.202 0.354 0.006 0.423 112 1748 69 1956 28 1857 33 0 7 5706 600 212 19945
1 12.903 0.733 0.879 0.018 0.367 234 1740 100 4066 63 2673 54 0 0 3003 315 562 4269
2 29.693 2.335 1.663 0.052 0.400 302 2091 129 6314 127 3477 77 0 10 1486 189 437 1116
3 48.399 2.894 2.488 0.077 0.521 359 2240 94 8054 143 3960 59 13 20 2230 310 763 1119
4 24.869 1.020 1.182 0.024 0.500 212 2375 67 5031 72 3303 40 7 19 3110 467 2142 3283
5 41.933 2.352 2.103 0.059 0.497 320 2283 89 7300 122 3818 56 12 26 2111 301 715 1252
6 36.990 1.996 1.785 0.047 0.490 281 2349 86 6603 109 3693 53 5 16 2103 311 615 1469
Fine grained magnetite 7 38.015 3.343 1.830 0.078 0.484 285 2354 139 6706 177 3720 87 8 12 1907 283 907 1299
8 6.657 2.047 0.394 0.020 0.167 108 1992 468 2143 94 2067 271 0 0 1321 159 187 4173
9 35.110 2.045 1.586 0.045 0.489 249 2462 93 6125 113 3642 58 7 9 1816 287 709 1426
10 15.296 0.706 0.860 0.017 0.440 192 2084 79 4001 61 2834 44 1 16 3070 390 895 4443
11 34.651 1.580 1.633 0.039 0.524 261 2389 73 6242 96 3629 45 0 21 2926 444 1047 2229
12 43.032 3.915 2.062 0.084 0.450 305 2362 141 7213 178 3843 90 0 11 2350 351 691 1417
13 57.801 3.387 2.489 0.081 0.557 317 2542 88 8055 150 4137 58 3 18 1768 294 620 883
1 3.986 0.052 0.301 0.004 0.965 109 1549 20 1696 19 1631 11 37 49 305581 28989 7667 1271916
2 4.415 0.058 0.330 0.004 0.957 117 1569 20 1838 20 1715 11 23 88 190693 18278 6799 723760
3 3.856 0.051 0.304 0.004 0.960 116 1469 20 1710 19 1605 11 23 29 161597 14694 2482 665850
4 4.346 0.062 0.320 0.004 0.892 112 1596 23 1789 20 1702 12 46 49 76974 7488 3796 300963
5 3.989 0.053 0.303 0.004 0.953 111 1538 20 1706 19 1632 11 14 47 200938 18949 5084 829391
6 4.060 0.057 0.309 0.004 0.898 113 1535 23 1735 19 1646 12 16 35 114991 10823 3694 465340
7 4.498 0.060 0.330 0.004 0.945 115 1603 20 1838 20 1731 11 28 54 135374 13215 5186 512583
Hematite Lathes 8 4.358 0.058 0.322 0.004 0.943 113 1589 21 1800 20 1705 11 17 42 129166 12515 3942 500844
9 4.637 0.062 0.337 0.004 0.943 115 1622 21 1871 20 1756 11 36 56 129350 12756 4248 479553
10 3.535 0.049 0.280 0.004 0.920 109 1460 22 1590 18 1535 11 15 55 186457 16868 3909 831471
11 4.819 0.068 0.347 0.004 0.895 117 1639 22 1919 21 1788 12 47 55 55104 5485 2447 198268
12 3.571 0.047 0.282 0.004 0.964 110 1462 20 1603 18 1543 10 21 49 263031 23817 4503 1161416
13 4.019 0.054 0.304 0.004 0.942 110 1548 21 1709 19 1638 11 22 50 126868 12023 2952 520705
14 4.013 0.053 0.314 0.004 0.951 119 1480 21 1762 19 1637 11 21 26 165414 15120 2653 655619
15 4.559 0.059 0.342 0.004 0.968 122 1559 20 1898 21 1742 11 20 52 310741 29623 7816 1130195
16 4.589 0.061 0.345 0.004 0.952 123 1555 20 1912 21 1747 11 22 37 160892 15307 3406 579912
17 5.378 0.072 0.363 0.005 0.947 113 1758 20 1995 22 1881 11 21 139 140743 14938 7436 482741
18 4.206 0.058 0.311 0.004 0.924 110 1589 22 1745 19 1675 11 10 96 165334 16010 5485 661370
MagSTD1 34.176 0.436 0.286 0.004 0.984 32.2 5035 14 1622 18 3615 13 0 4612 83341 71150 174094 364126
MagSTD2 34.176 0.435 0.286 0.004 0.986 32.2 5035 15 1622 18 3615 13 0 4558 82943 70952 173177 360221
Mag STD3 34.176 0.439 0.286 0.004 0.981 32.2 5035 15 1622 18 3615 13 3 4713 85933 73141 178971 376350
Mag STD4 34.176 0.435 0.286 0.004 0.983 32.2 5035 15 1622 18 3615 13 2 4591 83338 70998 173568 360596
Mag STD5 34.238 0.433 0.287 0.004 0.988 32.3 5036 14 1624 18 3617 12 0 4792 87065 74499 181624 377640
Mag STD6 34.040 0.432 0.285 0.004 0.984 32.1 5034 15 1618 18 3611 13 0 4738 86022 73235 178954 373799
Mag STD7 34.245 0.437 0.287 0.004 0.980 32.3 5036 15 1624 18 3617 13 0 4769 86186 73235 179672 371945
Hm-Sol-STD1 34.176 0.436 0.286 0.004 0.986 32.2 5035 14 1622 18 3615 13 0 4698 85153 72848 178099 372902
















Calibrated using 'mixed U-Pb solution standard' 
Grain Analysis # 1σ 1σ rho Conc. % 1σ
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A1. LA-ICP-MS U-Pb analysis 
A2. LA-ICP-MS geochemical analysis and PCA 
A3. EPMA  
 
 
A1. LA-ICP-MS U-Pb analysis 
All reported LA-ICP-MS data was obtained from grains within one-inch-diameter polished blocks. 
Data was collected at Adelaide Microscopy, The University of Adelaide, using a RESOlution-LR 
excimer laser microprobe (Australian Scientific Instruments) coupled to an Agilent 7900x 
Quadrupole ICP-MS. This combination of laser and ICP-MS offers good spatial resolution (~29 µm) 
coupled with sub-ppm sensitivity for most trace elements. The laser has a large format S155 two-
volume ablation cell designed by Laurin Technic Pty. Laser ablation was performed in an atmosphere 
of UHP He (0.38 l/min). The aerosol was mixed with Ar carrier gas (1.05 l/min) immediately above 
the ablation site before being transported to the ICP-MS via a ‘squid’ pulse-homogenizing device 
(Laurin Technic Pty). Uranium-Pb zircon analyses were undertaken using a spot diameter of 29 μm, 
resulting in crater depths generally between 10-15 μm over the 30 s ablation time. The ICP-MS was 
optimized daily using NIST612 reference glass to maximize sensitivity on isotopes of the mass range 
of interest, while keeping production of molecular oxide species (i.e., 232Th16O/232Th) and doubly 
charged ion species (i.e., 140Ce2+/140Ce+) as low as possible, and generally at <0.2 %. The plasma 
conditions were tuned for a robust plasma with U/Th ratio of 1.00-1.05. The GJ-1 zircon (Jackson et 
al., 2004) was used as the primary reference material, while 91500 (Wiedenbeck et al., 1995) and 
Plešovice (Sláma et al., 2008) were analysed as secondary reference materials. Reference material 
and unknows were analyzed using a pulse repetition rate of 5 Hz and a constant fluence of 2.5 J/cm2 
within a single analytical session. Data collection consisted of a 30 second gas blank followed by 30 
seconds of data acquisition with the laser firing. Isotopes measured were 204Pb, 206Pb, 207Pb, 208Pb, 
232Th, and 238U with dwell times of 20, 50, 50, 10, 10, and 50 ms, respectively; 235U was calculated 
using the 238U/235U ratio of 137.88 (Steiger and Jäger, 1977). Mass 204Pb was measured as a monitor 
for Pbc content, but due to the unresolvable isobaric interference of 
204Hg on 204Pb, Pbc corrections 
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were not considered or conducted using 204Pb. Data reduction was performed and presented using 
Iolite™ and GLITTER in combination with Isoplot 3.75 (Ludwig, 2012). 
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A2. LA-ICP-MS geochemical analysis and PCA 
LA-ICP-MS spot analysis 
LA-ICP-MS spot analysis of zircon was conducted using the same instrument and configurations 
as previously indicated in A1. A laser spot size diameter of 19 µm was employed to target areas of 
interest within zircon, using pulse repetition rates of 5 Hz and fluence of 3.5 J/cm2. Prior to each spot 
analysis, the targeted areas were pre-ablated to avoid surface contamination. Acquisition time 
comprised a 30 s measurement of the background and 30 s acquisition of the signal while the laser 
ablates. Analytical standards were run before and after each individual set of ~25 zircon unknowns 
using NIST-610 as the primary standard, and GSD-1G as the secondary standard. In addition, 
Plesovice was also analyzed between batches for quality control. 
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Data reduction was performed in Glitter using stoichiometric concentrations of Si in zircon as the 
internal standard element. Minimum detection limits (mdl) indicated by Glitter are individually 
calculated for each element in each spot analysis. A suite of 33 elements, including three Pb isotopes, 
was measured. Depending on the required mdl, different dwell times were employed, using (i) 0.005 
s for: 27Al, 29Si, 31P and 91Zr; (ii) 0.01 s for 43Ca and 89Y; and (iii) 0.02 s for: 45Sc, 49Ti, 55Mn, 57Fe, 
89Y, 93Nb, 118Sn, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 
172Yb, 175Lu, 178Hf, 181Ta, 206Pb, 207Pb, 208Pb, 232Th and 238U. Two polyatomic interferences (17O28Si, 
16O29Si) on 45Sc preclude its quantification at low concentrations and is therefore used qualitatively 
for monitoring elevated Sc contents. 
LA-ICP-MS isotope mapping 
Isotope mapping was conducted using the same instrumentation as described for spot analysis. 
Data acquisition involved ablating sets of parallel line rasters in a rectangular grid across the area of 
interest using a beam size of 7 µm (square profile) and a scan speed of 7 µm/s. Line spacing was kept 
at a constant 7 µm to match the size of the laser beam used. The effect of redeposition during mapping 
was minimized by pre-ablating each line immediately prior to its analysis. A laser repetition rate of 
10 Hz was used with a fluence of ~3.5/Jcm-2. Such conditions meant the depth of ablation during 
mapping was around <5 µm. Isotopes measured were 206Pb, 208Pb, 232Th, 238U and the REE’S Y, Ce, 
Gd, Dy, Er, Yb, with dwell times of 30 ms for U, Th and Pb isotopes and 5 ms for REE’s. A 30 s 
background was acquired at the start of every raster, and a delay of 15 s was applied after each line 
to allow for sample washout. 
Images were compiled and processed using Iolite™. The presented map in figure 2 ran over a ~4-
hour session, in which significant instrument drift could occur. To correct for this, the average 
background was subtracted from its corresponding signal from the ablated area for each raster and 
element. NIST610 was analyzed immediately before and after the run to assess drift, and if present, 
was corrected for by applying a linear fit between the two sets of reference materials. The rasters 
were then compiled into a 2-D image displaying combined background-subtracted and drift corrected 
intensities for each element. 
Principal component analysis 
 
PCA was undertaken using singular value decomposition of centred logratio (clr) transformed 
data. Such transformation was required to respect its simplicial geometry. The above-mentioned 
procedures were performed in the R package ‘compositions’. 
 
 




Spot Analysis Methodology 
Operating conditions and Processing 
Quantitative compositions of zircon were determined using a Cameca SX-Five electron probe 
microanalyzer (EPMA), equipped with 5 tuneable wavelength-dispersive spectrometers, located at 
Adelaide Microscopy. The instrument is running PeakSite v6.2 software for microscope operation, 
and Probe for EPMA software (distributed by Probe Software Inc.) for all data acquisition and 
processing. Combined operating conditions were utilized in which for each individual spot, major 
and mobile elements were analysed first at 17 kV/20 nA, then the beam subsequently changed to 17 
kV/100 nA for the remaining analysis of low-level elements. Due to the need for spatial resolution, 
all analyses were done with a focused beam. 
The full list of elements analysed along with primary and interference standards are presented in 
Tables 1 and 2. Oxygen was calculated by stoichiometry, assuming that all Fe was Fe3+. Matrix 
corrections of Armstrong-Love/Scott φ(ρz) (Armstrong, 1988) and Henke MACs were used for data 
reduction. 
All elements were acquired using a traditional 2-point linear, excluding F Kα which was acquired 
using a multipoint fit. Following traditional 2-point background analysis, the “shared” background fit 
option in Probe for EPMA was used across the list of elements. For Nb, a traditional 2-point linear fit 
was used. Other elements, including those with more complex regions of the spectrum such as in the 
case some of the REE, multipoint or “shared” fits were used to accurately model the background 
continuum and/or avoid off peak interferences (Goemann et al., 2016, Goemann et al., 2017, 
Goemann and Donovan, 2017). 
Due to the need for a focused beam, beam damage and alkali element migration (e.g., Na, F, Cl) 
in zircon analyses were monitored and minimized via analysis of these elements first on the detector, 
plus application of the Time Dependent Intensity (TDI) correction feature of Probe for EPMA (e.g., 
Donovan and Rowe, 2005). Using this method, the decay of x-ray counts over time is measured and 
modelled to return a t=0 intercept, and from this a concentration is calculated. 
Mapping Methodology 
Operating conditions and processing 
Zircon grains were both qualitatively and quantitatively X-ray mapped utilising the same 
instrument at the University of Adelaide.  Beam conditions were set at an accelerating voltage of 15 
kV and 200 nA, utilising a focussed beam. Mapped area dimensions ranged from 100-200 µm in both 
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x and y axes, at a pixel resolution of 1 µm. Pixel dwell time in all maps was set to 2000 ms, and 
ranged in acquisition time from ~2-24 hours depending on grain size. Calibration and quantitative 
data reduction of maps was carried out in Probe for EPMA, distributed by Probe Software Inc.  Colour 
images of the maps were processed in Surfer 10® distributed by Golden Software. Calibration was 
performed on certified natural and synthetic standards from Astimex Ltd. 
Zircon grains from LCD13, and LCD17 were quantitatively mapped via measurement of Cl Kα 
on four separate spectrometers (3 LPET and 1 PET crystal), and Fe Kα measured on a single LLIF 
crystal. 
Map quantification was conducted in CalcImage, a module of Probe for EPMA. Background 
subtraction on the maps was performed via the Mean Atomic Number (MAN) background correction 
(Donovan and Tingle, 1996; Donovan et al., 2016), omitting the need for a second pass “off-peak” 
map acquisition.  Following this each pixel goes through full φ(ρz) corrected quantification identical 
to traditional spot analysis. Major/minor elements were not acquired in the maps, and thus for accurate 
ZAF correction and quantification, specified concentrations as acquired from spot analysis were 
entered into the map quantification procedure for elements such as Zr, Si, Hf etc. 
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Bkgd Count Times # bkgd points 
acquired 
(Lo/Hi) 





Standards Interfering line Int. std Interfering line Int. std 
Zr Lα LPET (1) Shared 17/20/0 15 10 10 1/1 728      
Ca Kα LPET (1) Shared 17/20/0 20 20 20 1/1 535         
K Kα LPET (1) Shared 17/100/0 40 20 20 1/1 541         
P Kα LPET (1) Shared 17/100/0 40 20 20 1/1 504         
Y Lα LPET (1) Shared 17/100/0 120 60 60 1/1 1214      
U Mβ LPET (1) Shared 17/100/0 200 100 100 1/1 631      
Ce Lα LPET (1) Shared 17/100/0 100 50 50 1/1 1201      
Ti Kα LPET (1) Shared 17/100/0 100 50 50 1/1 540      
F Kα PC0 (2) Multipoint 17/20/0 20 10 10 2/2 505 502,723 Fe Lα (I) 502 Zr Lα1 (III) 723 
Fe Kα LLIF (3) Shared 17/20/0 40 20 20 1/1 502         
Hf Lα LLIF (3) Shared 17/20/0 20 10 10 1/1 723      
Sc Kα LLIF (3) Shared 17/100/0 40 20 20 1/1 619      
Mn Kα LLIF (3) Shared 15/20/0 40 20 20 1/1 539       
Lu Lα LLIF (3) Shared 17/100/0 40 20 20 1/1 1213      
Yb Lα LLIF (3) Shared 17/100/0 40 20 20 1/1 1212      
Er Lα LLIF (3) Shared 17/100/0 40 20 20 3/2 1210      
Gd Lβ LLIF (3) Shared 17/100/0 40 20 20 1/1 1206      
Dy Lα LLIF (3) Shared 17/100/0 40 20 20 1/2 1208      
Tb Lα LLIF (3) Shared 17/100/0 40 20 20 1/1 1207      
Sm Lβ LLIF (3) Shared 17/100/0 40 20 20 1/1 1204      
Eu Lα LLIF (3) Shared 17/100/0 40 20 20 1/1 1205      
Nd Lβ LLIF (3) Shared 17/100/0 40 20 20 1/1 1203      
Pr Lβ LLIF (3) Shared 17/100/0 40 20 20 1/1 1202      
Tm Lα LLIF (3) Shared 17/100/0 40 20 20 1/2 1211      
Ho Lβ LLIF (3) Shared 17/100/0 40 20 20 1/1 1209      
Na Kα TAP (4) Shared 17/20/0 20 20 20 7/0 501         
Si Kα TAP (4) Shared 17/20/0 15 10 10 1/1 728         
Αl Kα TAP (4) Shared 15/20/0 20 20 20 1/1 501         
Mg Kα TAP (4) Shared 15/20/0 30 20 20 1/1 502         
Cl Kα LPET (5) Shared 17/20/0 60 30 30 1/1 545         
La Lα LPET (5) Shared 17/100/0 100 50 50 1/1 1200      
Th Mα LPET (5) Shared 17/100/0 150 75 75 1/1 629      
Pb Mβ LPET (5) Shared 17/100/0 200 100 100 3/1 627      
Nb Lα LPET (5) 2-pt 17/100/0 100 50 50 1/1 616 723 Zr Lβ4 (I) 723   
* Standard # refers to internal database. Full list of standards in Table 2          
 




Table S2. Standard information 
Reference 
# Mineral composition Natural/Synthetic Manufacturer 
501 Albite Natural Astimex 
502 Almandine garnet Natural Astimex 
504 Apatite Natural Astimex 
535 Plagioclase Natural Astimex 
539 Rhodonite Natural Astimex 
540 Rutile Natural Astimex 
541 Sanidine Natural Astimex 
545 Tugtupite Natural Astimex 
616 Niobium Synthetic Astimex 
619 Scandium Natural P&H and Associates 
627 K227 (Pb silicate) Synthetic NIST 
629 Huttonite Natural DAS 
631 UO2 Synthetic DAS 
723 Zircon Natural GJ Zircon standard 
728 Zircon Natural 91500 zircon standard 
1200 LaPO4 Synthetic Cherniak phosphate 
1201 CePO4 Synthetic Cherniak phosphate 
1202 PrPO4 Synthetic Cherniak phosphate 
1203 NdPO4 Synthetic Cherniak phosphate 
1204 SmPO4 Synthetic Cherniak phosphate 
1205 EuPO4 Synthetic Cherniak phosphate 
1206 GdPO4 Synthetic Cherniak phosphate 
1207 TbPO4 Synthetic Cherniak phosphate 
1208 DyPO4 Synthetic Cherniak phosphate 
1209 HoPO4 Synthetic Cherniak phosphate 
1210 ErPO4 Synthetic Cherniak phosphate 
1211 TmPO4 Synthetic Cherniak phosphate 
1212 YbPO4 Synthetic Cherniak phosphate 
1213 LuPO4 Synthetic Cherniak phosphate 
1214 YPO4 Synthetic Cherniak phosphate 
 
Minor element substitution in zircon and formula calculation routine  
Background 
Aside from direct, charge-balanced substitution of Hf4+, U4+, Th4+ for Zr4+, the most 
common minor elements in zircon are Y and HREE, which can readily substitute for Zr due to 
the similarity in ionic size between (Y3+,HREE3+) and Zr4+. Typically, this substitution 
correlates with incorporation of P into the Si site (so-called ‘xenotime substitution’; [(Y,REE)3+ 
+ P5+ ↔ Zr4+ +Si4+]) to maintain charge balance (Hoskin and Schaltegger, 2003). Empirical 
observation suggests, however, that more complex substitutions may also operate (see below). 
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Pentavalent Nb and Ta are considered to preferentially substitute into the Zr site (Akhtar and 
Waseem, 2001). 
Although most researchers have reached a consensus on the main mechanisms of 
substitution and the likely sites for each substituent, there exists some lack of equivocality, 
notably with respect to the potential role of interstitial sites, and even the charge of some 
substituted ions, e.g., Fe (Pérez-Soba et al., 2007). The routines used here are adapted from 
those used for hydrogarnet and are based on a logical, sequential approach but inevitably, also 
several of assumptions. 
Volatile content in zircon is often invoked from low EPMA totals, either as substituted OH- 
or molecular H2O within amorphous domains within the zircon structure. A theoretical 
background and empirical evidence for OH- substitution into zircon is well documented 
(Frondel, 1953; Caruba et al., 1985; Nasdala et al., 2009; Trail et al., 2011; de Hoog et al., 
2014). Experimental evidence shows that [(OH,F)4]
4- can occupy more than half the [SiO4]
4- 
positions in zircon (Caruba et al., 1985). Unequivocal evidence for halogen substitution in 
natural samples remains less well documented, even if low levels of substitution are reported 
(e.g., Zeng et al., 2017). 
Formula calculation routine 
The zircon formulae, in terms of atoms-per-formula-unit (apfu), was calculated based on 
full occupancy of the tetrahedral IVB, with ∑B≥1, and variable occupancy of the dodecahedral 
VIIIA site, with A+B=2. Rarely, ∑(Si, P, Ti) can exceed 1 apfu in the B-site, which is therefore 
compensated by <1 apfu in the A-site, and distribution of Al over both sites. The allocation of 
Fe exclusively into the A-site bears on the amount of water (as OH-) incorporated by the 
hydrogarnet-type substitution. Based on average oxide totals (dry; no F or Cl included) across 
the dataset of ~99.2 wt%, the correction procedure considering hydrogarnet-type substitution 
and REY+Sc incorporation, as explained below, is considered to best represent our data, even 
if some assumptions are inevitably involved. Considering these substitutions, the corrected 
totals, including water moderately increase, approaching 100% (average totals of ~99.6 wt%). 
Limited, monovalent cation incorporation (Me+: Na, K) is considered within interstitial 
positions (i) in distorted octahedral coordination, or within a 4-fold coordinated site (Finch and 
Hanchar, 2003). Cations were assigned following the general formula iABO4, although also 
permitting vacancies in oxygen sites and incorporation of halogens (F, Cl) or OH--groups, with: 
i: Na+, K+ (and potentially also Li+); 
LIAM COURTNEY-DAVIES      Ph.D. DISSERTATION 
 
293 
A: Mg2+, Al3+*, Ca2+, Sc3+, Mn2+, Fe3+, Y3+, Zr4+, Nb5+, REE3+, Hf4+, Pb2+, Th4+ and U4+; 
B: Al3+*, Si4+, P5+, Ti4+, Si*, with Si* representing missing Si due to hydrogarnet-type 
substitution: 𝑆𝑖𝑂4
4− ↔ 4(𝐹, 𝐶𝑙, 𝑂𝐻)− (see Frondel and Collette, 1957; Botis et al., 2013). 
Molecular proportions of metals were obtained by dividing the measured oxides by their 
molecular weights and multiplying by the number of cations per oxide molecule; molecular 
proportions of halogens (F, Cl) were obtained by dividing the measured concentrations by their 
respective atomic weights. 
Titanium has been experimentally shown to substitute Si in the B-site (Tailby et al., 2011). 
Simulation modelling has indicated that Al may be preferentially present in the B-site (Akhtar 
and Waseem, 2001). The amount of Si missing by the hydrogarnet substitution is calculated 
from the difference between cations allocated in the A- and B-sites excluding Al; if ∑B>∑A 
then Al is assigned to the A-site so that ∑B=∑A. However, after this step, if ∑B+Al is still 
lower than ∑A, the difference between ∑B+Al and ∑A is considered to represent substituted 
Si by the hydrogarnet substitution (Si*). Following this step, a normalization factor is 
calculated: fn=2/(∑A+∑B) and applied, after which the normalized cations, in apfu, are 
distributed between the different sites, as indicated above. 
Calculated OH- by the hydrogarnet substitution scheme must be corrected for already-
incorporated F and/or Cl, if measured, which are subtracted. 
Zircon favours (H)REE-incorporation, proposed to occur by charge-balance, coupled 
substitution involving P, which forms isostructural compounds with REE, Y and Sc, including 
xenotime (YPO4) and pretulite (ScPO4) (Finch and Hanchar, 2003 and references therein): 
𝑍𝑟4+ + 𝑆𝑖4+ ↔ (𝑅𝐸𝐸𝑠, 𝑌, 𝑆𝑐)3+ + 𝑃5+. In several cases, the presence of P alone cannot, 
however, support the observed REE concentrations, a phenomenon reflected by 
∑(REEs,Y,Sc)/P ratios that deviate from unity. This is interpreted in terms of more complex 
substitution mechanisms: 
(1) 𝑍𝑟4+ + 𝑂2− ↔ 𝑀𝑒3+ + (𝐹, 𝐶𝑙, 𝑂𝐻)−, with Me3+ as a REY+Sc; 
(2) 𝑍𝑟4+ ↔ 𝑀𝑒3+ + (𝐻,𝑀𝑒)+, with Me+ as Li, Na and/or K; 
(3) 2𝑍𝑟4+ ↔ 𝑀𝑒3+ +𝑀𝑒5+, with Me5+ as Nb for example. 
Uncompensated substitution of REY+Sc, is balanced by incorporation H+ within interstitial 
sites. Other incorporated Me2+ and Me3+ in the A-site, are compensated by O-vacancies. 
 
* In this model, Al will be distributed between the A and B site, so that B is always >=1, and if there is excess 
Al, this will be incorporated in the A site. 
 CHAPTER 11:      SUPPLEMENTARY AND ADDITIONAL MATERIAL 
 
294 
In theory, other trivalent cations might be present in dodecahedral sites, incorporated by the 
same type of substitution: Zr4+ + O2- ↔ Me3+ + (F, Cl, OH)-. Incorporation of, e.g., Fe and Al, 
in this way is, however, poorly supported in the literature. 
Experimental support for Fe incorporation in zircon has been given by several authors, albeit 
with subtly different results and interpretations. Váczi (2009) reports the doping of zircon with 
Fe (0.01-0.39 wt.%). Iron, both as dominant Fe3+ and subordinate Fe2+, was found to be 
“predominantly located on the six-coordinated interstitial site”. Important for the present work, 
incorporated Fe was present within oscillatory-zoned bands within the zoned crystals. Carreto 
Cortés et al. (2004) have demonstrated limited solid solution, up to about 2.5 mol% Fe, may 
be hosted within the zircon structure, with excess Fe3+ forming α-Fe2O3 particles that become 
trapped in the zircon matrix. Based on synthesis at 1100-1600 °C and refinement of X-ray 
diffraction patterns, Herrera-Pérez (2015) proposes that Fe3+ is distributed into tetrahedral sites, 
replacing Si4+. 
Lanthanide concentrations 
The lower abundance of lanthanides with odd atomic numbers, commonly below minimum 
detection limits (mdl) of the EPMA method needs to be considered for accurate assessment of 
zircon stoichiometry and estimation of water contents. The abundance of HREE, with odd 
atomic numbers, where <mdl, has been estimated from the adjacent, even atomic number 
HREE considering the consistent behaviour of HREE fractionation in zircon. This approach is 
corroborated by the LA-ICP-MS data on the same zircons. So, if Tm2O3 is <mdl, and Er2O3 = 
0.071 wt% and Yb2O3 = 0.255 wt%, Tm2O3* was obtained by dividing the measured 
concentrations of Er2O3 and Yb2O3 by their respective molecular oxide masses and multiplied 
by the elemental mass of the respective REE to obtain their elemental concentration. Following 
this step, both elements are divided by their chondrite abundance to obtain their normalized 
values, from which the concentration of Tm can be interpolated. The geometric means of these 
two values are then multiplied by the chondrite value for Tm, and then multiplied by the oxide 
molecular weight of Tm2O3 and finally multiplied by the elemental mass of Tm, yielding 
Tm2O3*= 0.021 wt%. 
Modified calculation routine for Charleston zircon 
EPMA analysis of zircon from the Charleston Granite sample was undertaken 
simultaneously with the other samples, however recalculation of formula using the above 
routine does not give reasonable results in terms of A:B stoichiometry.  
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The main difference with the previous calculation is that substitution of Fe into the B-site is 
also considered, following a similar approach as described above. If after allocation of Al in 
the B-site, ∑A>∑B (without considering Fe), then Fe is assigned to the B-site so that ∑B=∑A. 
However, if after this step ∑B+Fe is lower than ∑A, the difference between ∑B+Fe and ∑A is 
considered to represent missing Si by the hydrogarnet substitution. In general, this approach 
produces lower estimates for the incorporation of OH. 
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Table S3. LA-ICP-MS U-Pb data for zircon. 
Sample # Analysis #207Pb/235U1σ uncertainty 206Pb/238U1σ uncertainty Error correlation 207Pb/206Pb 1σ uncertainty 207Pb/235U 1σ uncertainty 206Pb/238U1σ uncertainty 207Pb/206Pb 1σ uncertainty
1 2.291 0.031 0.188 0.002 0.880 0.08822 0.001 1210 9.4 1113 12.0 1387 23.1
2 1.864 0.026 0.152 0.002 0.857 0.08885 0.001 1068 9.1 913 10.1 1401 24.1
3 2.063 0.029 0.171 0.002 0.842 0.08754 0.001 1137 9.7 1017 11.2 1372 24.9
4 1.568 0.021 0.143 0.002 0.871 0.07955 0.001 958 8.4 862 9.5 1186 24.2
5 1.896 0.025 0.165 0.002 0.875 0.0833 0.001 1080 8.9 985 10.8 1276 23.9
6 1.795 0.025 0.151 0.002 0.844 0.08631 0.001 1044 9.1 906 10.0 1345 24.8
7 2.383 0.033 0.190 0.002 0.841 0.09085 0.001 1237 10.1 1123 12.2 1443 24.6
8 3.354 0.047 0.255 0.003 0.849 0.09552 0.001 1494 10.9 1463 15.5 1538 24.1
9 3.939 0.057 0.292 0.003 0.823 0.098 0.001 1622 11.7 1650 17.4 1586 25.0
10 4.009 0.058 0.294 0.004 0.822 0.09888 0.001 1636 11.8 1662 17.5 1603 25.1
11 3.827 0.054 0.283 0.003 0.845 0.09824 0.001 1599 11.3 1605 16.9 1591 24.1
12 1.912 0.027 0.162 0.002 0.843 0.08581 0.001 1085 9.3 966 10.6 1334 24.9
13 1.964 0.028 0.165 0.002 0.843 0.0866 0.001 1103 9.5 982 10.8 1352 24.9
14 3.625 0.051 0.272 0.003 0.847 0.09654 0.001 1555 11.1 1553 16.4 1558 24.1
15 1.812 0.025 0.157 0.002 0.850 0.08375 0.001 1050 9.1 940 10.3 1287 24.7
16 2.213 0.030 0.182 0.002 0.873 0.08804 0.001 1185 9.5 1080 11.7 1383 23.5
17 3.748 0.058 0.279 0.003 0.782 0.09763 0.001 1582 12.4 1584 17.0 1579 27.1
18 3.726 0.055 0.280 0.003 0.814 0.09648 0.001 1577 11.8 1592 16.9 1557 25.5
19 3.537 0.061 0.264 0.003 0.722 0.0972 0.002 1536 13.5 1510 16.6 1571 30.5
20 2.103 0.030 0.173 0.002 0.844 0.08793 0.001 1150 9.7 1031 11.3 1381 24.7
Sample # Analysis #207Pb/235U2σ uncertainty 206Pb/238U2σ uncertainty Error Correlation 207Pb/206Pb 2σ uncertainty 207Pb/235U 2σ uncertainty 206Pb/238U2σ uncertainty 207Pb/206Pb 2σ uncertainty
1 5.439 0.065 0.350 0.002 0.416 0.113 0.0013 1892 10 1850 21 1850 21
2 5.489 0.050 0.351 0.002 0.570 0.11371 0.00088 1898 7.9 1858 14 1858 14
3 5.175 0.053 0.331 0.002 0.358 0.1135 0.0011 1848 8.8 1855 18 1855 18
4 5.239 0.045 0.335 0.002 0.401 0.11313 0.0009 1858 7.2 1854 15 1854 15
5 4.730 0.100 0.292 0.005 0.923 0.11712 0.00092 1771 18 1911 14 1911 14
6 5.373 0.049 0.326 0.003 0.351 0.119 0.0013 1880 7.8 1942 20 1942 20
7 3.560 0.110 0.218 0.008 0.969 0.11836 0.00095 1536 25 1933 15 1933 15
8 5.137 0.048 0.330 0.002 0.460 0.1133 0.0011 1843 7.8 1851 18 1851 18
9 5.212 0.066 0.337 0.004 0.597 0.1125 0.0013 1856 11 1843 22 1843 22
10 5.338 0.052 0.343 0.002 0.400 0.113 0.001 1875 8.4 1846 16 1846 16
11 5.516 0.086 0.353 0.005 0.762 0.1126 0.0011 1903 13 1843 17 1843 17
12 5.173 0.058 0.333 0.001 0.170 0.1125 0.0013 1847 9.5 1840 21 1840 21
13 5.487 0.088 0.353 0.003 0.286 0.1133 0.0017 1899 14 1850 28 1850 28
14 5.144 0.053 0.329 0.002 0.294 0.1129 0.0012 1845 9.1 1846 19 1846 19
15 3.363 0.046 0.213 0.003 0.871 0.11394 0.00077 1495 11 1862 12 1862 12
16 2.921 0.070 0.186 0.005 0.910 0.1129 0.0011 1385 18 1848 17 1848 17
17 4.354 0.072 0.279 0.005 0.894 0.11342 0.00088 1703 13 1853 14 1853 14
18 5.433 0.058 0.352 0.003 0.652 0.11174 0.00091 1889 9.1 1826 15 1826 15
19 5.261 0.057 0.338 0.002 0.469 0.1122 0.0012 1861 9.2 1833 19 1833 19
20 5.258 0.058 0.337 0.002 0.545 0.1122 0.001 1862 9.6 1835 16 1835 16
21 5.345 0.066 0.347 0.004 0.631 0.1119 0.0011 1875 11 1833 17 1833 17
22 5.300 0.044 0.345 0.002 0.556 0.11143 0.00081 1869 7.1 1823 13 1823 13
23 3.304 0.069 0.207 0.004 0.908 0.11527 0.00096 1479 16 1885 15 1885 15
24 4.412 0.061 0.286 0.004 0.887 0.11263 0.00081 1715 12 1841 13 1841 13
25 4.998 0.078 0.323 0.005 0.825 0.11292 0.00097 1819 13 1845 16 1845 16
26 5.060 0.050 0.323 0.002 0.548 0.1136 0.001 1829 8.5 1855 16 1855 16
27 3.587 0.060 0.220 0.003 0.862 0.11755 0.00099 1546 13 1919 15 1919 15
28 4.714 0.042 0.299 0.002 0.714 0.11354 0.00077 1769 7.5 1856 12 1856 12
29 3.728 0.073 0.232 0.004 0.926 0.1172 0.00088 1577 16 1912 13 1912 13
30 4.294 0.081 0.269 0.005 0.872 0.1155 0.001 1689 16 1888 16 1888 16
31 4.804 0.052 0.312 0.003 0.781 0.11207 0.00075 1786 9.2 1833 12 1833 12
32 5.272 0.049 0.340 0.002 0.487 0.11211 0.00092 1864 7.9 1832 15 1832 15
33 4.380 0.040 0.279 0.002 0.547 0.11365 0.00089 1709 7.7 1857 14 1857 14
34 5.083 0.059 0.330 0.003 0.656 0.1113 0.001 1833 9.9 1822 16 1822 16
35 3.896 0.048 0.248 0.003 0.819 0.11496 0.00086 1614 10 1878 13 1878 13
36 3.353 0.038 0.204 0.002 0.695 0.11858 0.00099 1492 8.9 1934 15 1934 15
37 4.218 0.055 0.263 0.004 0.797 0.11566 0.00087 1676 11 1890 14 1890 14
38 3.847 0.063 0.248 0.003 0.873 0.11323 0.00091 1602 13 1851 15 1851 15
39 5.096 0.093 0.328 0.004 0.527 0.1137 0.0018 1835 15 1859 27 1859 27
















Analysis # 207Pb/235U 1σ uncertainty 206Pb/238U 1σ uncertainty 207Pb/206Pb 1σ uncertainty 207Pb/235U 1σ uncertainty 206Pb/238U 1σ uncertainty 207Pb/206Pb 1σ uncertainty
GJ1-1 0.096 0.001 0.814 0.017 0.061 0.001 652.8 43.7 591.8 7.0 604.5 9.6
GJ1-2 0.098 0.001 0.819 0.018 0.060 0.001 616.3 45.7 605.1 7.2 607.4 10.0
GJ1-3 0.099 0.001 0.807 0.018 0.059 0.001 573.7 46.2 608.2 7.3 600.8 9.9
GJ1-4 0.098 0.001 0.801 0.017 0.059 0.001 585.2 46.0 600.8 7.2 597.4 9.9
GJ1-5 0.097 0.001 0.786 0.017 0.058 0.001 547.2 46.9 599.6 7.2 588.6 9.9
GJ1-6 0.098 0.001 0.835 0.018 0.062 0.001 672.1 45.0 601.4 7.2 616.3 10.0
GJ1-7 0.098 0.001 0.782 0.017 0.058 0.001 534.0 47.8 600.4 7.2 586.7 9.9
GJ1-8 0.098 0.001 0.807 0.018 0.060 0.001 587.5 46.3 604.6 7.2 600.9 10.0
GJ1-9 0.096 0.001 0.810 0.018 0.061 0.001 636.3 46.4 593.3 7.1 602.2 10.1
GJ1-10 0.098 0.001 0.805 0.018 0.060 0.001 588.8 47.1 602.9 7.3 599.9 10.1
GJ1-11 0.098 0.001 0.814 0.018 0.061 0.001 623.6 46.3 599.8 7.2 604.7 10.1
GJ1-12 0.097 0.001 0.814 0.018 0.061 0.001 635.1 46.4 596.7 7.2 604.7 10.1
Plesovic-1 0.054 0.001 0.392 0.008 0.053 0.001 328.5 43.8 336.7 4.0 335.6 5.7
Plesovic-2 0.052 0.001 0.374 0.007 0.052 0.001 287.7 42.2 327.5 3.9 322.6 5.3
Plesovic-3 0.053 0.001 0.381 0.008 0.053 0.001 309.5 45.7 330.3 4.0 327.6 5.8
Plesovic-4 0.053 0.001 0.400 0.008 0.055 0.001 391.7 43.2 334.8 4.0 342.0 5.8
Plesovic-5 0.054 0.001 0.403 0.008 0.054 0.001 377.1 45.1 338.7 4.1 343.6 6.1
Plesovic-6 0.053 0.001 0.384 0.008 0.052 0.001 290.4 46.3 335.6 4.0 329.9 5.9
91500-1 0.177 0.002 1.773 0.050 0.073 0.002 1001.2 55.8 1052.1 13.3 1035.6 18.2
91500-2 0.177 0.002 1.818 0.051 0.074 0.002 1052.1 55.4 1052.2 13.4 1052.1 18.3
91500-3 0.182 0.003 1.792 0.051 0.071 0.002 964.8 56.8 1080.3 13.7 1042.6 18.4
Analysis # 207Pb/235U 2σ uncertainty 206Pb/238U 2σ uncertainty Error Correlation 207Pb/206Pb 2σ uncertainty 207Pb/235U 2σ uncertainty 206Pb/238U 2σ uncertainty 207Pb/206Pb 2σ uncertainty
GJ1 - 1.d 0.814 0.017 0.09819 0.00057 0.14662 0.0601 0.0013 603.4 9.5 603.7 3.3 587 47
GJ1 - 2.d 0.832 0.018 0.09915 0.0006 0.23268 0.0605 0.0012 613.4 9.9 609.4 3.5 615 45
GJ1 - 3.d 0.835 0.014 0.09894 0.00055 -0.18296 0.0614 0.0012 616.3 8.1 608.2 3.2 646 41
GJ1 - 4.d 0.809 0.015 0.09829 0.00053 0.074944 0.0596 0.0011 600.8 8.4 604.3 3.1 585 40
GJ1 - 5.d 0.801 0.013 0.09772 0.00055 0.121 0.05929 0.00099 599.2 7.6 601 3.2 574 37
GJ1 - 6.d 0.815 0.015 0.09887 0.00059 0.1823 0.0599 0.0011 605 8.3 607.8 3.5 591 39
GJ1 - 7.d 0.808 0.018 0.09846 0.00049 0.034139 0.0593 0.0013 600 10 605.4 2.9 601 46
GJ1 - 8.d 0.828 0.015 0.09838 0.00048 0.10908 0.0608 0.0012 612.5 8.7 604.9 2.8 627 43
GJ1 - 9.d 0.821 0.016 0.09829 0.00057 0.17485 0.0605 0.0012 607.3 9 604.4 3.3 620 43
GJ1 - 10.d 0.803 0.016 0.09798 0.00064 0.1873 0.0594 0.0012 599.3 8.8 602.5 3.7 570 44
GJ1 - 11.d 0.802 0.017 0.09782 0.00051 0.1187 0.059 0.0012 596.6 9.7 601.6 3 578 44
GJ1 - 12.d 0.816 0.013 0.09777 0.00057 0.012343 0.0606 0.001 605.7 7.7 601.6 3.4 627 37
GJ1 - 13.d 0.806 0.018 0.09808 0.00063 0.16091 0.0595 0.0014 599 10 603.1 3.7 583 49
GJ1 - 14.d 0.81 0.017 0.09948 0.00061 0.1375 0.0592 0.0013 603.1 9.5 611.3 3.6 578 46
GJ1 - 15.d 0.792 0.016 0.09841 0.00048 -0.018446 0.0584 0.0012 593.9 9 605.1 2.8 541 46
GJ1 - 16.d 0.787 0.016 0.09809 0.00063 0.13189 0.0581 0.0012 588.6 8.8 603.2 3.7 535 44
GJ1 - 17.d 0.801 0.016 0.09904 0.00049 -0.049053 0.0586 0.0012 601.5 8.6 608.8 2.9 576 43
GJ1 - 18.d 0.8 0.017 0.09912 0.00055 -0.061183 0.0585 0.0013 596.6 9.8 609.2 3.3 543 51
GJ1 - 19.d 0.781 0.014 0.0983 0.00056 -0.10274 0.0579 0.0012 586.1 8.1 604.4 3.3 519 44
GJ1 - 20.d 0.803 0.015 0.09908 0.00055 -0.064574 0.059 0.0011 598.9 8.1 609 3.2 576 41
GJ1 - 21.d 0.801 0.015 0.09991 0.00057 -0.041088 0.0582 0.0012 597.2 8.4 613.9 3.3 535 43
Plesovic - 1.d 0.3991 0.0055 0.05505 0.00024 -0.027898 0.05251 0.00076 341.2 4 345.5 1.4 303 32
Plesovic - 2.d 0.3996 0.0062 0.05482 0.00025 0.11738 0.05278 0.00082 341.6 4.5 344 1.5 313 36
Plesovic - 3.d 0.3885 0.0068 0.05398 0.00027 0.15194 0.05198 0.00092 333 5 338.9 1.7 274 40
Plesovic - 4.d 0.3974 0.0074 0.05383 0.00028 0.1993 0.0534 0.00099 339.3 5.4 338 1.7 332 42
Plesovic - 5.d 0.383 0.0062 0.05423 0.00026 -0.03256 0.05122 0.00086 329.4 4.6 340.4 1.6 254 39
Plesovic - 6.d 0.3965 0.0063 0.05445 0.00025 0.17901 0.0527 0.00083 338.8 4.6 341.8 1.5 313 37
Plesovic - 7.d 0.39 0.0064 0.05462 0.00026 0.24847 0.05163 0.00084 334 4.7 342.8 1.6 264 37
Plesovic - 8.d 0.3932 0.0072 0.05434 0.00028 0.13326 0.05232 0.00096 336.3 5.3 341.1 1.7 288 41
Plesovic - 9.d 0.393 0.0058 0.05462 0.00025 0.20564 0.05224 0.00078 336.3 4.2 342.8 1.5 291 35
Plesovic - 10.d 0.3906 0.0074 0.05455 0.00025 0.19478 0.0519 0.00094 335 5.3 342.4 1.5 285 42
91500 - 1.d 1.859 0.047 0.1789 0.0013 0.061131 0.075 0.0019 1069 17 1061 7.1 1056 53
91500 - 2.d 1.878 0.051 0.1801 0.0014 0.078494 0.0757 0.002 1074 18 1067.5 7.5 1075 53
91500 - 3.d 1.828 0.041 0.1768 0.0016 0.28413 0.0751 0.0018 1056 15 1049.4 8.9 1073 46
91500 - 4.d 1.8 0.045 0.1807 0.0014 0.16843 0.0721 0.0018 1047 16 1070.7 7.6 999 52
91500 - 5.d 1.889 0.042 0.1786 0.0015 0.28497 0.0764 0.0017 1059 8.1 1093 45 1093 45
Reference Material Information
Reference Material Information




Table S4. Complete EPMA dataset and ca lculated formulae
Hi l taba Intrus ive Suite Granites  (~1600 Ma)
average mdl 0.023 0.007 0.006 0.021 0.01 0.005 0.009 0.012 0.004 0.011 0.024 0.008 0.049 0.018 0.008 0.009 0.041 0.043 0.023 0.046 0.024 0.025 0.05 0.027 0.027 0.028 0.029 0.101 0.014 0.01 0.011 0.054 0.007
LCD13 OD-proximal Roxby Downs Granite Na2O MgO Al2O3 SiO2 P2O5 K2O CaO Sc2O3 TiO2 MnO Fe2O3 Y2O3 ZrO2 Nb2O5 La2O3 Ce2O3 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb2O3 Dy2O3 Ho2O3 Er2O3 Tm2O3 Yb2O3 Lu2O3 HfO2 PbO ThO2 UO2 F Cl Sum H2O (calcualted) -F=O  -Cl=O Sum
A
Bright 0.046 0.016 <mdl 32.57 0.039 0.011 0.076 <mdl 0.01 0.035 0.822 0.023 63.834 <mdl <mdl <mdl <mdl <mdl <mdl 0.076 0.03 <mdl <mdl 0.077 0.02 0.206 0.043 2.355 0.036 <mdl 0.163 <mdl 0.116 100.6 0.11 0 0.03 100.69
Bright 0.03 0.011 <mdl 32.165 0.064 <mdl 0.042 <mdl 0.01 0.037 0.46 0.145 64.104 <mdl <mdl <mdl <mdl <mdl <mdl 0.052 0.028 0.05 0.015 0.063 0.021 0.297 0.042 1.454 0.089 0.08 0.332 <mdl 0.048 99.64 0.23 0 0.01 99.86
Mean (n=2) 0.038 0.014 <mdl 32.368 0.052 <mdl 0.059 <mdl 0.01 0.036 0.641 0.084 63.969 <mdl <mdl <mdl <mdl <mdl <mdl 0.064 0.029 <mdl <mdl 0.07 0.021 0.252 0.043 1.905 0.063 <mdl 0.248 <mdl 0.082 100.12 0.17 0 0.02 100.275
Dark 0.083 0.047 0.011 32.291 0.063 0.011 0.153 <mdl 0.015 0.029 0.972 0.085 62.507 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.066 0.038 0.251 0.038 1.532 0.032 0.078 0.178 <mdl 0.119 98.599 0 0 0.027 98.574
Dark 0.123 0.028 0.41 31.637 0.565 0.031 0.138 <mdl 0.036 0.117 1.152 1.051 60.714 <mdl <mdl 0.081 <mdl <mdl 0.034 0.118 0.043 0.256 0.063 0.223 0.045 0.394 0.04 2.818 0.083 0.09 0.888 <mdl 0.075 101.254 0.2 0 0.017 101.434
Dark 0.197 0.019 0.186 31.056 0.39 0.017 0.211 <mdl 0.024 0.11 1.386 0.868 59.613 <mdl <mdl 0.07 0.059 <mdl 0.043 0.141 0.031 0.15 0.065 0.164 0.034 0.389 0.069 2.485 0.097 0.073 0.827 <mdl 0.066 98.842 0.47 0 0.015 99.292
Dark 0.058 0.022 0.008 32.46 0.145 0.007 0.123 <mdl 0.012 0.049 0.9 0.484 62.749 0.034 <mdl 0.016 <mdl <mdl <mdl 0.055 0.011 0.08 0.025 0.117 0.039 0.309 0.046 1.148 0.048 0.196 0.25 <mdl 0.156 99.547 0.05 0 0.035 99.561
Dark <mdl 0.021 0.021 32.218 0.082 0.011 0.185 <mdl 0.008 0.071 0.956 0.12 63.205 <mdl <mdl 0.012 <mdl <mdl <mdl 0.055 0.027 0.076 0.063 0.096 0.024 0.256 0.053 1.385 0.048 0.122 0.21 <mdl 0.379 99.705 0.15 0 0.086 99.769
Dark 0.067 0.013 0.007 31.601 0.034 0.016 0.085 <mdl 0.008 0.068 0.912 0.029 62.204 0.023 <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.059 0.019 0.088 0.021 0.215 0.044 2.855 0.048 <mdl 0.203 <mdl 0.163 98.78 0.35 0 0.037 99.096
Dark 0.064 0.021 0.056 31.239 0.066 0.01 0.381 <mdl 0.007 0.114 1.161 0.166 60.557 0.03 <mdl 0.029 <mdl <mdl <mdl <mdl <mdl 0.064 0.021 0.105 0.031 0.373 0.046 2.049 0.07 0.092 0.742 0.097 0.086 97.675 0.44 0.041 0.019 98.052
Mean (n=7) 0.099 0.024 0.1 31.786 0.192 0.015 0.182 <mdl 0.016 0.08 1.063 0.4 61.65 <mdl <mdl 0.042 <mdl <mdl <mdl 0.092 0.028 0.114 0.043 0.123 0.033 0.312 0.048 2.039 0.061 0.109 0.471 <mdl 0.149 99.2 0.24 0.006 0.034 99.397
LCD47 OD-distal Roxby Downs Granite
Bright (Gr2) <mdl 0.017 0.132 31.645 0.113 0.006 0.032 <mdl 0.043 0.059 0.227 0.317 67.091 <mdl <mdl 0.087 <mdl <mdl <mdl 0.081 0.015 0.109 0.054 0.114 0.029 0.097 0.032 1.379 0.03 0.103 0.145 <mdl 0.008 101.963 1.19 0 0.002 103.156
Bright (Gr2) 0.074 0.023 0.122 31.294 0.072 0.008 0.535 <mdl 0.024 0.153 1.807 0.211 61.755 <mdl <mdl 0.014 <mdl <mdl <mdl 0.067 0.012 0.087 0.024 0.096 0.016 0.113 0.04 1.399 0.042 0.117 0.219 <mdl 0.076 98.399 0.88 0 0.017 99.259
Mean (n=2) <mdl 0.02 0.127 31.47 0.093 0.007 0.284 <mdl 0.034 0.106 1.017 0.264 64.423 <mdl <mdl 0.051 <mdl <mdl <mdl 0.074 0.014 0.098 0.039 0.105 0.023 0.105 0.036 1.389 0.036 0.11 0.182 <mdl 0.042 100.181 1.04 0 0.01 101.208
Dark (Gr2) 0.036 0.027 0.18 30.965 0.115 0.006 0.427 <mdl 0.009 0.143 1.44 0.167 61.61 <mdl <mdl <mdl <mdl <mdl <mdl 0.048 0.01 0.084 0.054 0.077 0.012 0.073 0.011 1.402 0.03 0.051 0.111 <mdl 0.147 97.233 0.65 0 0.033 97.851
Dark (Gr2) 0.046 0.03 0.196 31.273 0.054 0.006 0.435 <mdl 0.038 0.174 1.333 0.043 61.692 <mdl <mdl 0.014 <mdl <mdl <mdl <mdl <mdl 0.071 0.017 0.06 0.009 0.06 0.009 1.736 0.037 0.023 0.12 <mdl 0.089 97.565 0.47 0 0.02 98.012
Dark (Gr2) 0.059 0.033 0.838 30.827 0.136 0.012 0.792 <mdl 0.018 0.262 1.948 0.553 58.456 <mdl 0.011 0.155 0.065 <mdl 0.034 0.089 0.04 0.182 0.04 0.127 0.035 0.136 0.007 1.225 <mdl 0.089 0.125 0.115 0.111 96.52 0.09 0.049 0.025 96.532
Mean (n=3) 0.047 0.03 0.405 31.022 0.102 0.008 0.551 <mdl 0.022 0.193 1.574 0.254 60.586 <mdl <mdl 0.085 <mdl <mdl <mdl 0.069 0.025 0.112 0.037 0.088 0.019 0.09 0.009 1.454 0.034 0.054 0.119 <mdl 0.116 97.106 0.4 0.016 0.026 97.465
Bright (Gr1) <mdl 0.011 0.009 33.017 0.11 <mdl 0.01 <mdl 0.011 <mdl 0.91 0.116 65.951 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.045 0.007 0.046 0.007 1.263 0.036 0.036 0.048 <mdl 0.008 101.641 0.14 0 0.002 101.783
Bright (Gr1) 0.053 0.023 0.09 30.846 0.073 0.006 0.47 <mdl <mdl 0.138 1.177 0.113 61.442 0.02 <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.067 0.017 0.059 0.009 0.06 0.009 1.618 0.04 0.058 0.188 0.066 0.099 96.74 0.65 0.028 0.022 97.335
Bright (Gr1) 0.111 0.032 0.143 31.561 0.266 0.011 0.329 <mdl 0.007 0.202 1.348 0.486 60.903 <mdl <mdl <mdl <mdl <mdl 0.024 0.083 0.036 0.146 0.033 0.111 0.033 0.107 <mdl 1.602 0.042 0.042 0.286 0.085 0.066 98.095 0.15 0.036 0.015 98.193
Bright (Gr1) <mdl 0.016 0.034 31.791 0.05 0.006 0.015 <mdl 0.037 0.012 0.496 0.017 65.21 0.031 <mdl <mdl 0.043 0.046 <mdl <mdl <mdl 0.025 0.008 0.032 <mdl <mdl <mdl 1.247 0.03 0.017 0.051 <mdl <mdl 99.214 0.47 0 0 99.679
Bright (Gr1) <mdl 0.012 0.035 32.376 0.086 <mdl 0.024 <mdl 0.007 0.019 0.381 0.057 65.094 <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.025 0.035 0.011 0.05 0.007 0.043 0.006 1.416 0.025 0.024 0.037 <mdl 0.009 99.78 0.07 0 0.002 99.85
Bright (Gr1) <mdl 0.4 0.447 32.714 0.118 0.006 0.03 <mdl 0.035 0.03 0.69 0.165 65.902 <mdl <mdl <mdl <mdl <mdl <mdl 0.047 0.008 0.055 0.017 0.078 0.012 0.082 0.013 1.477 0.041 0.027 0.061 <mdl 0.012 102.467 0.38 0 0.003 102.839
Bright (Gr1) <mdl 0.02 0.1 32.199 0.108 <mdl 0.033 <mdl 0.017 0.06 0.4 0.15 65.179 0.025 <mdl <mdl 0.045 <mdl <mdl <mdl <mdl 0.054 0.019 0.093 0.011 0.054 0.005 1.394 0.029 0.041 0.052 <mdl 0.012 100.099 0.25 0 0.003 100.349
Mean (n=5) <mdl 0.073 0.123 32.072 0.116 0.007 0.13 <mdl 0.019 0.077 0.772 0.158 64.24 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.064 0.018 0.067 0.013 0.065 0.008 1.431 0.035 0.035 0.103 <mdl 0.034 99.719 0.3 0.009 0.007 100.004
Dark (Gr1) 0.034 0.029 0.467 30.897 0.129 0.014 0.429 0.016 0.013 0.214 1.45 0.764 60.699 <mdl <mdl 0.048 <mdl <mdl <mdl 0.121 0.039 0.173 0.041 0.141 0.024 0.163 0.062 1.358 0.037 0.074 0.147 <mdl 0.09 97.673 0.65 0 0.02 98.301
Dark (Gr1) 0.038 0.019 0.027 31.119 0.071 0.007 0.244 <mdl 0.021 0.132 1.239 0.06 62.206 0.031 <mdl <mdl 0.046 0.067 <mdl <mdl 0.031 0.062 0.017 0.071 0.01 0.055 0.007 1.414 0.023 0.035 0.082 <mdl 0.098 97.233 0.61 0 0.022 97.823
Dark (Gr1) 0.023 0.027 0.214 31.359 0.072 0.006 0.455 <mdl 0.048 0.163 1.175 0.159 61.716 <mdl <mdl 0.022 <mdl <mdl <mdl 0.071 0.012 0.075 0.067 0.087 0.044 0.096 <mdl 1.448 0.029 0.053 0.116 <mdl 0.122 97.66 0.39 0 0.028 98.018
Dark (Gr1) 0.028 0.02 0.228 31.43 0.067 0.008 0.434 <mdl 0.01 0.145 1.909 0.138 61.736 <mdl <mdl 0.026 <mdl <mdl <mdl <mdl 0.029 0.078 0.021 0.083 0.013 0.088 0.014 1.232 0.019 0.055 0.094 <mdl 0.125 98.03 0.58 0 0.028 98.582
Dark (Gr1) 0.032 0.03 0.216 31.454 0.064 0.008 0.374 <mdl 0.077 0.186 1.666 0.081 61.894 <mdl <mdl <mdl <mdl <mdl <mdl 0.058 0.011 0.073 0.018 0.065 0.009 0.047 0.006 1.405 0.017 0.035 0.105 <mdl 0.085 98.014 0.46 0 0.019 98.457
Dark (Gr1) 0.067 0.021 0.159 31.781 0.069 <mdl 0.442 <mdl 0.006 0.171 1.413 0.087 62.024 <mdl <mdl <mdl <mdl <mdl <mdl 0.05 0.011 0.086 0.016 0.045 0.007 0.044 0.007 1.258 0.025 0.042 0.085 0.062 0.065 98.042 0.23 0.026 0.015 98.233
Dark (Gr1) 0.098 0.028 0.262 31.635 0.288 0.014 0.512 0.035 0.029 0.189 1.74 0.937 60.734 <mdl <mdl 0.033 0.048 0.063 0.026 0.102 0.02 0.145 0.036 0.132 0.025 0.189 0.067 1.349 0.032 0.101 0.276 0.146 0.067 99.357 0.47 0.061 0.015 99.748
Dark (Gr1) 0.06 0.039 0.335 30.747 0.061 0.009 0.478 <mdl 0.083 0.191 1.774 0.094 63.446 0.026 <mdl 0.042 <mdl <mdl <mdl <mdl <mdl 0.072 0.016 0.05 0.006 0.032 0.004 1.476 0.038 0.03 0.134 <mdl 0.069 99.311 1.4 0 0.016 100.692
Dark (Gr1) 0.094 0.023 0.073 30.481 0.12 <mdl 0.28 <mdl 0.008 0.143 0.968 0.252 62.081 <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.027 0.084 0.024 0.099 0.042 0.085 <mdl 1.27 0.035 0.059 0.082 <mdl 0.124 96.452 0.84 0 0.028 97.267
Mean (n=9) 0.053 0.026 0.22 31.211 0.105 0.009 0.405 <mdl 0.033 0.17 1.482 0.286 61.837 <mdl <mdl 0.034 <mdl <mdl <mdl 0.08 0.023 0.094 0.028 0.086 0.02 0.089 0.024 1.357 0.028 0.054 0.125 <mdl 0.094 97.975 0.63 0.01 0.021 98.569
MB158 Charleston Granite, Eyre PeninsulaE
Bright <mdl <mdl 0.036 33.001 0.099 0.008 0.175 <mdl 0.04 0.129 1.292 0.224 65.185 <mdl <mdl 0.027 <mdl 0.044 <mdl 0.08 0.029 0.084 0.022 0.087 0.014 0.093 0.014 1.353 0.051 0.148 0.13 <mdl 0.016 102.381 0.03 0 0.004 102.41
Bright 0.032 0.016 <mdl 31.708 0.092 <mdl 0.674 <mdl 0.052 0.188 2.082 0.147 63.283 <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.029 0.079 0.019 0.066 0.028 0.041 <mdl 1.32 0.049 0.081 0.12 <mdl 0.046 100.153 0.01 0 0.01 100.147
Bright 0.058 0.007 0.02 31.93 0.087 0.007 0.66 <mdl 0.06 0.087 1.704 0.108 63.229 0.026 <mdl <mdl <mdl 0.046 <mdl 0.077 0.011 0.062 0.017 0.071 0.035 0.054 <mdl 1.393 0.046 0.042 0.107 <mdl 0.034 99.98 0 0 0.008 99.973
Bright 0.048 0.053 0.164 32.152 0.096 0.005 0.933 <mdl 0.031 0.144 1.224 0.273 62.378 0.027 <mdl <mdl 0.042 0.047 0.029 <mdl 0.026 0.094 0.025 0.097 0.035 0.086 <mdl 1.536 0.038 0.038 0.154 <mdl 0.063 99.842 0.02 0 0.014 99.85
Bright 0.033 0.012 0.013 32.399 0.083 0.007 0.253 <mdl 0.027 0.175 1.02 0.114 64.156 <mdl <mdl <mdl <mdl <mdl <mdl 0.057 0.011 0.079 0.019 0.069 0.01 0.06 0.008 1.524 0.036 0.038 0.148 <mdl 0.016 100.366 0.01 0 0.004 100.368
Mean (n=5) 0.043 0.022 0.058 32.238 0.091 0.007 0.539 <mdl 0.042 0.145 1.464 0.173 63.646 <mdl <mdl <mdl <mdl 0.046 <mdl 0.071 0.021 0.08 0.02 0.078 0.024 0.067 <mdl 1.425 0.044 0.069 0.132 <mdl 0.035 100.544 0.01 0 0.008 100.55
Dark 0.044 0.019 0.035 31.646 0.095 0.007 1.115 <mdl 0.029 0.133 1.784 0.206 62.498 <mdl <mdl <mdl <mdl <mdl 0.04 0.051 0.047 0.082 0.02 0.069 0.033 0.08 0.03 1.21 0.057 0.124 0.143 <mdl 0.06 99.657 0.02 0 0.014 99.659
Dark 0.04 0.016 0.073 32.077 0.124 <mdl 1.399 <mdl 0.055 0.153 2.203 0.355 61.528 <mdl <mdl 0.017 0.053 <mdl <mdl 0.084 0.026 0.112 0.027 0.095 0.013 0.069 0.009 1.16 0.045 0.232 0.147 <mdl 0.064 100.175 0.03 0 0.014 100.189
Dark <mdl 0.016 0.013 31.92 0.082 <mdl 0.677 <mdl 0.064 0.176 2.211 0.19 62.89 <mdl <mdl <mdl <mdl 0.049 <mdl <mdl <mdl 0.095 0.019 0.058 0.01 0.076 0.013 1.375 0.032 0.121 0.16 <mdl 0.047 100.293 0.02 0 0.011 100.306
Dark 0.062 0.012 0.01 31.372 0.07 <mdl 0.981 <mdl 0.014 0.219 1.306 0.102 61.879 <mdl <mdl <mdl <mdl <mdl <mdl 0.052 0.035 0.103 0.021 0.06 0.009 0.053 0.007 1.397 0.036 0.046 0.15 <mdl 0.052 98.048 0 0 0.012 98.037
Dark 0.033 0.017 0.083 31.403 0.081 0.007 1.033 <mdl 0.014 0.163 1.281 0.113 61.841 <mdl <mdl 0.012 <mdl <mdl 0.028 0.068 0.03 0.066 0.019 0.081 0.014 0.104 0.017 1.523 <mdl 0.084 0.154 <mdl 0.049 98.317 0.01 0 0.011 98.32
Mean (n=5) 0.045 0.016 0.043 31.684 0.09 <mdl 1.041 <mdl 0.035 0.169 1.757 0.193 62.127 <mdl <mdl <mdl <mdl <mdl <mdl 0.064 0.035 0.092 0.021 0.073 0.016 0.076 0.015 1.333 0.043 0.121 0.151 <mdl 0.054 99.298 0.02 0 0.012 99.302
Donington Suite Granites  (~1850 Ma)
PL8 Cape Donington
Bright <mdl 0.008 <mdl 32.518 0.107 <mdl <mdl <mdl 0.005 <mdl <mdl 0.15 65.716 <mdl <mdl <mdl <mdl <mdl <mdl 0.059 0.027 0.026 0.01 0.057 0.008 0.043 0.006 1.233 0.023 0.027 0.035 <mdl <mdl 100.06 0.01 0 0 100.071
Bright <mdl 0.01 0.008 32.801 0.092 <mdl <mdl <mdl 0.007 0.012 0.026 0.039 65.94 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.044 0.012 0.047 0.027 0.045 0.031 1.392 0.019 0.015 0.021 <mdl <mdl 100.589 0 0 0 100.592
Bright <mdl <mdl <mdl 32.646 0.097 <mdl 0.01 <mdl <mdl <mdl <mdl 0.075 65.891 <mdl <mdl <mdl <mdl <mdl <mdl 0.071 0.027 0.037 0.013 0.065 0.008 0.044 0.005 1.275 0.038 0.03 0.064 <mdl <mdl 100.396 0.01 0 0 100.405
Bright <mdl <mdl <mdl 32.759 0.074 <mdl <mdl <mdl 0.012 <mdl <mdl 0.034 65.863 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.031 0.009 0.041 <mdl <mdl <mdl 1.334 0.026 0.02 0.045 <mdl <mdl 100.249 0 0 0 100.249
Mean (n=4) <mdl <mdl <mdl 32.681 0.093 <mdl <mdl <mdl 0.008 <mdl <mdl 0.075 65.853 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.035 0.011 0.053 0.014 0.044 0.014 1.309 0.027 0.023 0.041 <mdl <mdl 100.324 0.01 0 0 100.329
Dark <mdl 0.009 <mdl 31.997 0.077 <mdl <mdl <mdl 0.01 <mdl 0.032 0.028 65.14 <mdl <mdl <mdl <mdl <mdl <mdl 0.046 <mdl <mdl 0.07 0.072 0.009 0.044 0.005 1.326 0.03 <mdl 0.012 <mdl <mdl 98.907 0.14 0 0 99.049
Dark <mdl 0.008 <mdl 32.423 0.09 <mdl <mdl <mdl 0.006 <mdl <mdl 0.038 65.806 <mdl <mdl <mdl <mdl 0.055 <mdl 0.053 0.03 0.026 0.01 0.056 0.038 0.047 <mdl 1.41 <mdl <mdl 0.016 <mdl <mdl 100.114 0.09 0 0 100.206
Dark <mdl <mdl <mdl 32.005 0.065 <mdl <mdl <mdl 0.008 <mdl 0.041 0.025 65.502 <mdl <mdl <mdl <mdl <mdl <mdl 0.07 0.009 0.042 0.011 0.045 0.006 0.035 0.004 1.326 0.023 <mdl 0.015 <mdl <mdl 99.233 0.24 0 0 99.472
Mean (n=3) <mdl 0.009 <mdl 32.142 0.077 <mdl <mdl <mdl 0.008 <mdl 0.037 0.03 65.483 <mdl <mdl <mdl <mdl <mdl <mdl 0.056 0.02 0.034 0.03 0.058 0.018 0.042 0.005 1.354 0.027 <mdl 0.014 <mdl <mdl 99.418 0.16 0 0 99.576
LCD17 Wirrda Well
Bright <mdl 0.011 <mdl 32.758 0.104 <mdl 0.018 <mdl 0.006 <mdl 0.197 0.093 64.529 <mdl <mdl <mdl <mdl <mdl <mdl 0.071 0.027 0.028 0.07 0.076 0.031 0.126 0.007 1.288 0.031 0.026 0.051 <mdl <mdl 99.548 0.02 0 0 99.568
Bright <mdl 0.013 <mdl 32.77 0.172 <mdl <mdl <mdl 0.009 <mdl 0.161 0.108 64.598 0.032 <mdl <mdl <mdl <mdl <mdl <mdl 0.032 0.031 0.011 0.051 0.012 0.121 0.024 1.265 0.028 0.027 0.048 <mdl <mdl 99.515 0.01 0 0 99.521
Bright <mdl 0.012 <mdl 32.874 0.125 <mdl <mdl <mdl 0.008 <mdl 0.128 0.092 65.057 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.056 0.013 0.123 0.024 1.343 0.034 0.027 0.045 <mdl 0.009 99.97 0.01 0 0.002 99.975
Bright <mdl <mdl <mdl 32.789 0.121 <mdl <mdl <mdl 0.01 <mdl 0.236 0.083 65.159 <mdl <mdl <mdl <mdl <mdl <mdl 0.054 0.029 0.029 0.01 0.05 0.01 0.088 0.017 1.389 0.034 0.025 0.047 <mdl <mdl 100.179 0.01 0 0 100.188
Bright <mdl 0.015 <mdl 32.735 0.129 0.007 0.012 <mdl 0.006 <mdl 0.105 0.089 65.159 <mdl <mdl <mdl <mdl 0.051 <mdl <mdl <mdl 0.036 0.012 0.062 0.015 0.146 0.03 1.31 0.019 0.031 0.059 <mdl <mdl 100.028 0.01 0 0 100.041
Mean (n=5) <mdl 0.013 <mdl 32.785 0.13 <mdl <mdl <mdl 0.008 <mdl 0.165 0.093 64.9 <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.029 0.031 0.026 0.059 0.016 0.121 0.02 1.319 0.029 0.027 0.05 <mdl <mdl 99.848 0.01 0 0 99.859
Dark 0.027 0.031 0.22 31.317 0.188 0.008 0.26 <mdl 0.014 0.085 1.338 0.368 62.109 <mdl <mdl 0.042 <mdl 0.078 <mdl 0.055 0.035 0.114 0.029 0.109 0.02 0.145 0.025 1.282 0.038 0.066 0.108 <mdl 0.081 98.193 0.5 0 0.018 98.673
Dark 0.036 0.017 <mdl 32.724 0.138 0.006 0.046 <mdl 0.006 0.038 0.471 0.202 63.7 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.045 0.051 0.092 0.043 0.192 0.016 1.383 <mdl 0.05 0.077 <mdl 0.052 99.383 0.02 0 0.012 99.388
Dark 0.035 0.013 <mdl 32.421 0.139 0.007 0.029 <mdl 0.008 0.042 0.743 0.112 64.242 <mdl <mdl <mdl <mdl <mdl <mdl 0.078 0.012 0.071 0.021 0.093 0.029 0.155 0.018 1.334 0.03 0.033 0.081 <mdl 0.027 99.775 0.06 0 0.006 99.831
Dark <mdl 0.01 <mdl 33.089 0.084 0.007 0.01 <mdl 0.009 <mdl 0.272 0.053 65.846 <mdl <mdl <mdl <mdl <mdl <mdl <mdl <mdl 0.03 0.009 0.038 0.032 0.096 <mdl 1.245 0.026 <mdl 0.037 <mdl <mdl 100.893 0.01 0 0 100.9
Dark <mdl 0.008 <mdl 32.259 0.152 <mdl 0.011 <mdl 0.006 0.012 0.162 0.116 64.684 0.027 <mdl <mdl <mdl <mdl <mdl 0.053 0.008 0.041 0.011 0.045 0.035 0.122 0.003 1.204 0.034 0.016 0.054 <mdl <mdl 99.062 0.01 0 0 99.072
Mean (n=5) 0.033 0.016 <mdl 32.362 0.14 0.007 0.071 <mdl 0.009 0.044 0.597 0.17 64.116 <mdl <mdl <mdl <mdl <mdl <mdl 0.062 0.018 0.06 0.024 0.075 0.032 0.142 0.016 1.29 0.032 0.041 0.071 <mdl 0.053 99.461 0.12 0 0.007 99.573
Numbers  in i ta l ics  correspond to interpolated va lues  based on adjacent HREE, where both were >mdl ; i f Lu was  below detection, It was  extrapoalted from the s lope from Tm and Yb
Pr2O3 was  measssured, but cons is tently below minimumm detection l imits  (0.044 wt%)
A 
Sum including ca lculated H2O and corrected for F and Cl

















E An adapted ca lculation scheme was  used for zi rcon analyses  from the Charleston granite; see text
MW: mean weight for zi rcon obta ined from ca lcualted zi rcon minera l  formula
Mean va lues  ca lculated only for those  groups  wherein less  than 50% of the data  i s  miss ing













0.0027 0.0004 0.0031 0.0007 0 0.0025 0 0.0009 0.0189 0.0004 0.9485 0 0 0 0 0 0 0.0008 0.0003 0 0 0.0007 0.0002 0.0039 0.0004 0.0067 0.0205 0.0003 0 0.0011 1 0 0.9925 0.001 0.0002 0 0.0063 1 0 0.006 0.0216 3.9586 1.59 184.7 1422 1419 2.7 0 1.06E+16
0.0018 0 0.0018 0.0005 0 0.0014 0 0.001 0.0106 0.0024 0.9596 0 0 0 0 0 0 0.0005 0.0003 0.0005 0.0001 0.0006 0.0002 0.0056 0.0004 0.0107 0.0127 0.0007 0.0006 0.0023 1 0 0.9875 0.0017 0.0002 0 0.0106 1 0 0.0025 0.0473 3.9413 1.59 184.8 2918 2913 5.6 700 2.28E+16
0.0023 0.0002 0.0025 0.0006 0 0.002 0 0.001 0.0148 0.0014 0.9541 0 0 0 0 0 0 0.0007 0.0003 0.0003 0.0001 0.0007 0.0002 0.0048 0.0004 0.0087 0.0166 0.0005 0.0003 0.0017 1 0 0.99 0.0014 0.0002 0 0.0085 1 0 0.0043 0.0345 3.95 1.59 184.8 2170 2166 4.2 350 1.67E+16
0.005 0.0004 0.0054 0.0022 0.0004 0.0051 0 0.0008 0.0226 0.0014 0.9438 0 0 0 0 0 0 0 0 0 0 0.0006 0.0004 0.0048 0.0004 0.0076 0.0135 0.0003 0.0005 0.0012 0.998 0 1 0.0017 0.0004 0 0 1.002 0 0.0062 0.0005 3.9766 1.59 183.9 1592 1589 3.1 693 1.30E+16
0.0073 0.0012 0.0085 0.0013 0 0.0045 0 0.003 0.0263 0.017 0.8998 0 0 0.0009 0 0 0.0004 0.0012 0.0004 0.0025 0.0006 0.0021 0.0004 0.0074 0.0004 0.0333 0.0245 0.0007 0.0006 0.006 1 0.0147 0.9615 0.0145 0.0008 0 0.0084 1 0 0.0038 0.04 3.9261 1.59 186.0 7683 7668 14.9 774 5.80E+16
0.0118 0.0007 0.0125 0.0009 0 0.007 0 0.0029 0.0322 0.0143 0.898 0 0 0.0008 0.0007 0 0.0004 0.0014 0.0003 0.0015 0.0006 0.0016 0.0003 0.0074 0.0006 0.0301 0.0219 0.0008 0.0005 0.0057 1 0.0068 0.9595 0.0102 0.0006 0 0.023 1 0 0.0035 0.0959 3.8696 1.59 185.1 7315 7301 14.1 647 5.54E+16
0.0035 0.0003 0.0038 0.001 0.0003 0.004 0 0.0013 0.0208 0.0079 0.9398 0.0005 0 0.0002 0 0 0 0.0006 0.0001 0.0008 0.0002 0.0011 0.0004 0.0059 0.0004 0.0176 0.0101 0.0004 0.0014 0.0017 0.9989 0 0.9971 0.0038 0.0003 0 0 1.0011 0 0.0081 0.0101 3.9688 1.59 184.3 2204 2199 4.3 1723 1.92E+16
0 0.0004 0.0004 0.001 0 0.0061 0 0.0018 0.022 0.002 0.9436 0 0 0.0001 0 0 0 0.0006 0.0003 0.0007 0.0006 0.0009 0.0002 0.0049 0.0005 0.0108 0.0121 0.0004 0.0008 0.0014 1 0.0008 0.9864 0.0021 0.0002 0 0.0105 1 0 0.0197 0.0305 3.9291 1.59 184.0 1850 1846 3.6 1070 1.55E+16
0.004 0.0006 0.0046 0.0006 0 0.0028 0 0.0018 0.0213 0.0005 0.9393 0.0003 0 0 0 0 0 0 0 0.0006 0.0002 0.0009 0.0002 0.0041 0.0004 0.0068 0.0252 0.0004 0 0.0014 1 0.0002 0.9787 0.0009 0.0002 0 0.02 1 0 0.0085 0.0729 3.9024 1.59 184.8 1800 1796 3.5 0 1.34E+16
0.0039 0.0004 0.0043 0.001 0 0.0127 0 0.003 0.0272 0.0027 0.9183 0.0004 0 0.0003 0 0 0 0 0 0.0006 0.0002 0.001 0.0003 0.0072 0.0004 0.0129 0.0182 0.0006 0.0006 0.0051 1 0.002 0.9716 0.0017 0.0002 0 0.0245 1 0.0095 0.0045 0.0908 3.8635 1.59 183.9 6644 6631 12.8 820 5.10E+16
0.005 0.001 0.006 0.001 0 0.006 0 0.002 0.025 0.007 0.926 0 0 0 0 0 0 0.001 0 0.001 0 0.001 0 0.006 0 0.017 0.018 0.001 0.001 0.003 1 0.004 0.979 0.005 0 0 0.012 1 0.001 0.008 0.049 3.919 1.59 184.6 4155 4147 8.0 818 3.22E+16
0 0.0002 0.0002 0.0007 0 0.001 0 0.0015 0.005 0.005 0.9664 0 0 0.0009 0 0 0 0.0008 0.0001 0.001 0.0005 0.0011 0.0003 0.0018 0.0003 0.0118 0.0116 0.0002 0.0007 0.001 1 0.0046 0.9349 0.0028 0.0009 0 0.0568 1 0 0.0004 0.2354 3.756 1.59 183.3 1235 1233 2.4 874 1.07E+16
0.0043 0.0003 0.0047 0.001 0 0.0174 0 0.0039 0.0412 0.0034 0.9127 0 0 0.0002 0 0 0 0.0007 0.0001 0.0009 0.0002 0.0009 0.0002 0.0021 0.0004 0.0091 0.0121 0.0003 0.0008 0.0015 1 0.0044 0.9486 0.0018 0.0005 0 0.0447 1 0 0.0039 0.1773 3.7733 1.59 181.0 1939 1935 3.7 1034 1.64E+16
0.0022 0.0003 0.0025 0.0009 0 0.0092 0 0.0027 0.0231 0.0042 0.9396 0 0 0.0006 0 0 0 0.0008 0.0001 0.001 0.0004 0.001 0.0003 0.002 0.0004 0.0105 0.0119 0.0003 0.0008 0.0013 1 0.0045 0.9418 0.0023 0.0007 0 0.0508 1 0 0.0022 0.2064 3.7647 1.59 182.2 1587 1584 3.1 954 1.35E+16
0.0022 0.0002 0.0024 0.0012 0 0.0141 0 0.0037 0.0334 0.0027 0.9267 0 0 0 0 0 0 0.0005 0.0001 0.0008 0.0005 0.0007 0.0001 0.0014 0.0001 0.0069 0.0123 0.0003 0.0004 0.0008 1 0.0066 0.9552 0.003 0.0002 0 0.035 1 0 0.0077 0.134 3.819 1.59 181.5 996 994 1.9 460 8.29E+15
0.0028 0.0002 0.003 0.0014 0 0.0144 0 0.0045 0.031 0.0007 0.9285 0 0 0.0002 0 0 0 0 0 0.0007 0.0002 0.0006 0.0001 0.0011 0.0001 0.0037 0.0153 0.0003 0.0002 0.0008 1 0.0071 0.9653 0.0014 0.0009 0 0.0252 1 0 0.0047 0.0963 3.8598 1.59 181.9 1080 1078 2.1 204 8.49E+15
0.0036 0.0005 0.0041 0.0015 0 0.0264 0 0.0069 0.0456 0.0092 0.8872 0 0.0001 0.0018 0.0007 0 0.0004 0.0009 0.0004 0.0018 0.0004 0.0012 0.0003 0.0026 0.0001 0.0199 0.0109 0 0.0006 0.0009 1 0.0307 0.9595 0.0036 0.0004 0 0.0057 1 0.0114 0.0058 0.0179 3.8919 1.59 180.8 1140 1138 2.2 811 9.99E+15
0.003 0 0.003 0.001 0 0.018 0 0.005 0.037 0.004 0.914 0 0 0.001 0 0 0 0 0 0.001 0 0.001 0 0.002 0 0.01 0.013 0 0 0.001 1 0.015 0.96 0.003 0.001 0 0.022 1 0.004 0.006 0.083 3.857 1.59 181.4 1072 1070 2.1 492 8.92E+15
0 0 0 0.0005 0 0.0003 0 0 0.0205 0.0019 0.9637 0 0 0 0 0 0 0 0 0 0 0.0004 0.0001 0.0009 0.0001 0.0034 0.0108 0.0003 0.0002 0.0003 1 0.0003 0.9895 0.0028 0.0003 0 0.0071 1 0 0.0004 0.0287 3.9594 1.59 183.4 416 416 0.8 312 3.62E+15
0.0032 0.0003 0.0034 0.0011 0 0.0156 0 0.0036 0.0275 0.0019 0.9309 0.0003 0 0 0 0 0 0 0 0.0007 0.0002 0.0006 0.0001 0.0012 0.0001 0.0048 0.0144 0.0003 0.0004 0.0013 1 0.0033 0.9585 0.0019 0 0 0.0363 1 0.0065 0.0052 0.1336 3.8192 1.59 181.8 1697 1694 3.3 522 1.37E+16
0.0067 0.0004 0.0071 0.0015 0 0.0109 0 0.0053 0.0314 0.008 0.9194 0 0 0 0 0 0.0003 0.0009 0.0004 0.0015 0.0003 0.0011 0.0003 0.0021 0 0.0149 0.0142 0.0004 0.0003 0.002 1 0.0052 0.9772 0.007 0.0002 0 0.0105 1 0.0083 0.0034 0.0308 3.9211 1.59 182.9 2567 2562 5.0 374 1.99E+16
0 0.0002 0.0002 0.0007 0 0.0005 0 0.0003 0.0114 0.0003 0.9731 0.0004 0 0 0.0005 0.0005 0 0 0 0.0003 0.0001 0.0003 0 0 0 0.002 0.0109 0.0002 0.0001 0.0003 1 0.0012 0.973 0.0013 0.0008 0 0.0236 1 0 0 0.0949 3.8972 1.59 183.3 450 449 0.9 153 3.62E+15
0 0 0 0.0005 0 0.0008 0 0.0005 0.0088 0.0009 0.9733 0 0 0 0 0 0 0 0.0003 0.0003 0.0001 0.0005 0.0001 0.0008 0.0001 0.0031 0.0124 0.0002 0.0002 0.0003 1 0.0013 0.9928 0.0022 0.0002 0 0.0036 1 0 0.0004 0.0147 3.9778 1.59 184.0 328 327 0.6 213 2.79E+15
0 0.0002 0.0002 0.0176 0 0.0009 0 0.0007 0.0153 0.0026 0.9459 0 0 0 0 0 0 0.0005 0.0001 0.0005 0.0002 0.0007 0.0001 0.0015 0.0001 0.0063 0.0124 0.0003 0.0002 0.0004 1 0.0155 0.963 0.0029 0.0008 0 0.0178 1 0 0.0006 0.0737 3.8908 1.59 182.0 524 523 1.0 233 4.33E+15
0 0 0 0.0009 0 0.0011 0 0.0016 0.0092 0.0024 0.9683 0.0003 0 0 0.0005 0 0 0 0 0.0005 0.0002 0.0009 0.0001 0.001 0.0001 0.0057 0.0121 0.0002 0.0003 0.0004 1 0.0036 0.981 0.0028 0.0004 0 0.0123 1 0 0.0006 0.0514 3.938 1.59 183.8 456 455 0.9 363 3.99E+15
0.001 0 0.002 0.003 0 0.004 0 0.002 0.018 0.003 0.954 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.001 0 0.006 0.012 0 0 0.001 1 0.004 0.976 0.003 0 0 0.016 1 0.002 0.002 0.061 3.915 1.59 183.0 920 918 1.8 310 7.42E+15
0.002 0.0005 0.0026 0.0013 0 0.0141 0.0004 0.0056 0.0335 0.0125 0.9092 0 0 0.0005 0 0 0 0.0012 0.0004 0.0017 0.0004 0.0014 0.0002 0.0031 0.0006 0.0224 0.0119 0.0003 0.0005 0.001 1 0.0169 0.9492 0.0034 0.0003 0 0.0302 1 0 0.0047 0.1328 3.8159 1.59 181.8 1314 1312 2.5 660 1.10E+16
0.0023 0.0003 0.0025 0.0009 0 0.0081 0 0.0035 0.0289 0.001 0.9395 0.0004 0 0 0.0005 0.0007 0 0 0.0003 0.0006 0.0002 0.0007 0.0001 0.0011 0.0001 0.0053 0.0125 0.0002 0.0003 0.0006 1 0.001 0.9639 0.0019 0.0005 0 0.0327 1 0 0.0052 0.1266 3.8409 1.59 182.2 737 735 1.4 319 6.08E+15
0.0014 0.0002 0.0016 0.0012 0 0.0151 0 0.0043 0.0273 0.0026 0.9297 0 0 0.0003 0 0 0 0.0007 0.0001 0.0007 0.0007 0.0008 0.0004 0.0018 0 0.0081 0.0128 0.0002 0.0004 0.0008 1 0.0078 0.9689 0.0019 0.0011 0 0.0203 1 0 0.0064 0.0796 3.8756 1.59 182.1 1046 1044 2.0 471 8.66E+15
0.0017 0.0003 0.002 0.0009 0 0.0142 0 0.0037 0.0438 0.0022 0.9189 0 0 0.0003 0 0 0 0 0.0003 0.0008 0.0002 0.0008 0.0001 0.0017 0.0001 0.0065 0.0107 0.0002 0.0004 0.0006 1 0.0082 0.9594 0.0017 0.0002 0 0.0304 1 0 0.0065 0.1181 3.8304 1.59 181.0 841 839 1.6 486 7.18E+15
0.0019 0.0003 0.0022 0.0014 0 0.0123 0 0.0048 0.0384 0.0013 0.9251 0 0 0 0 0 0 0.0006 0.0001 0.0007 0.0002 0.0006 0.0001 0.0009 0.0001 0.0046 0.0123 0.0001 0.0002 0.0007 1 0.0078 0.9642 0.0017 0.0018 0 0.0245 1 0 0.0044 0.0945 3.8594 1.59 181.4 941 939 1.8 315 7.64E+15
0.004 0 0.004 0.001 0 0.0146 0 0.0045 0.0327 0.0014 0.9307 0 0 0 0 0 0 0.0005 0.0001 0.0009 0.0002 0.0004 0.0001 0.0008 0.0001 0.0045 0.011 0.0002 0.0003 0.0006 1 0.0058 0.978 0.0018 0.0001 0 0.0143 1 0.006 0.0034 0.0476 3.9042 1.59 181.7 761 759 1.5 376 6.36E+15
0.0058 0.0005 0.0063 0.0013 0 0.0166 0.0009 0.0048 0.0396 0.0151 0.8967 0 0 0.0004 0.0005 0.0007 0.0003 0.001 0.0002 0.0014 0.0003 0.0013 0.0002 0.0036 0.0006 0.0265 0.0117 0.0003 0.0007 0.0019 1 0.0093 0.9579 0.0074 0.0007 0 0.0248 1 0.0139 0.0034 0.0944 3.8407 1.59 181.8 2437 2433 4.7 886 1.99E+16
0.0035 0.0003 0.0038 0.0017 0 0.0152 0 0.0048 0.0397 0.0015 0.9203 0.0003 0 0.0005 0 0 0 0 0 0.0007 0.0001 0.0005 0.0001 0.0006 0 0.004 0.0125 0.0003 0.0002 0.0009 1 0.0117 0.9147 0.0015 0.0019 0 0.0702 1 0 0.0035 0.2772 3.6724 1.59 180.0 1172 1170 2.3 260 9.37E+15
0.0056 0 0.0056 0.001 0 0.0093 0 0.0038 0.0227 0.0042 0.9421 0 0 0 0 0 0 0 0.0003 0.0008 0.0002 0.001 0.0004 0.0016 0 0.0085 0.0113 0.0003 0.0004 0.0006 1 0.0027 0.9486 0.0032 0.0002 0 0.0454 1 0 0.0065 0.175 3.7915 1.59 182.0 739 738 1.4 531 6.44E+15
0.003 0 0.003 0.001 0 0.013 0 0.004 0.034 0.005 0.924 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.002 0 0.01 0.012 0 0 0.001 1 0.008 0.956 0.003 0.001 0 0.033 1 0.002 0.005 0.127 3.826 1.59 181.6 1110 1108 2.1 478 9.18E+15
0 0.0003 0.0003 0 0 0.0056 0 0.0033 0.0191 0.0036 0.949 0 0 0.0003 0 0.0005 0 0.0008 0.0003 0.0008 0.0002 0.0008 0.0001 0.0017 0.0001 0.0092 0.0115 0.0004 0.001 0.0009 1 0.0013 0.9854 0.0025 0.0009 0.01 0 1 0 0.0008 0.0064 3.9688 1.59 183.9 1118 1116 2.2 1267 1.04E+16
0.0019 0 0.0019 0.0007 0 0.022 0 0.0048 0.0155 0.0024 0.9384 0 0 0 0 0 0 0 0.0003 0.0008 0.0002 0.0006 0.0003 0.0008 0 0.0054 0.0115 0.0004 0.0006 0.0008 1 0 0.9643 0.0024 0.0012 0.0321 0 1 0 0.0024 0.001 3.946 1.59 183.1 1052 1050 2.0 714 9.05E+15
0.0034 0.0003 0.0037 0.0003 0 0.0215 0 0.0023 0.0165 0.0018 0.9396 0.0004 0 0 0 0.0005 0 0.0008 0.0001 0.0006 0.0002 0.0007 0.0003 0.001 0 0.006 0.0121 0.0004 0.0003 0.0007 1 0.0007 0.9731 0.0022 0.0014 0.0226 0 1 0 0.0018 0 3.9549 1.59 183.2 940 938 1.8 372 7.65E+15
0.0028 0.0002 0.003 0.0024 0 0.0304 0 0.0037 0.014 0.0044 0.9242 0.0004 0 0 0.0005 0.0005 0.0003 0 0.0003 0.0009 0.0002 0.0009 0.0003 0.0016 0 0.0099 0.0133 0.0003 0.0003 0.001 1 0.0059 0.977 0.0025 0.0007 0.014 0 1 0 0.0033 0.0045 3.9404 1.59 182.5 1362 1359 2.6 332 1.08E+16
0.002 0.0003 0.0022 0.0005 0 0.0082 0 0.0045 0.0135 0.0019 0.9529 0 0 0 0 0 0 0.0006 0.0001 0.0008 0.0002 0.0007 0.0001 0.0011 0.0001 0.0056 0.0133 0.0003 0.0003 0.001 1 0.0005 0.9869 0.0021 0.0006 0.0099 0 1 0 0.0008 0.0011 3.973 1.59 183.8 1295 1293 2.5 334 1.02E+16
0.002 0 0.002 0.001 0 0.018 0 0.004 0.016 0.003 0.941 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.001 0 0.007 0.012 0 0.001 0.001 1 0.002 0.977 0.002 0.001 0.018 0 1 0 0.002 0.003 3.957 1.59 183.3 1153 1151 2.2 604 9.62E+15
0.0026 0.0003 0.0029 0.0009 0 0.0364 0 0.0034 0.0095 0.0033 0.9285 0 0 0 0 0 0.0004 0.0005 0.0005 0.0008 0.0002 0.0007 0.0003 0.0015 0.0003 0.0085 0.0105 0.0005 0.0009 0.001 1 0.0013 0.9642 0.0025 0.0007 0.0314 0 1 0 0.0031 0.0032 3.933 1.59 182.6 1263 1260 2.4 1096 1.13E+16
0.0023 0 0.0023 0.0007 0 0.0451 0 0.0039 0.0228 0.0057 0.9033 0 0 0.0002 0.0006 0 0 0.0008 0.0003 0.0011 0.0003 0.0009 0.0001 0.0013 0.0001 0.0114 0.01 0.0004 0.0016 0.001 1 0.0026 0.9658 0.0032 0.0012 0.0272 0 1 0 0.0033 0.0058 3.9162 1.59 181.4 1292 1289 2.5 2029 1.31E+16
0 0 0 0.0007 0 0.022 0 0.0045 0.0222 0.0031 0.9297 0 0 0 0 0.0005 0 0 0 0.0009 0.0002 0.0006 0.0001 0.0014 0.0001 0.0069 0.0119 0.0003 0.0008 0.0011 1 0.0005 0.9677 0.0021 0.0015 0.0283 0 1 0 0.0024 0.0048 3.9411 1.59 182.9 1404 1401 2.7 1059 1.23E+16
0.0037 0 0.0037 0.0006 0 0.0326 0 0.0057 0.0059 0.0017 0.9356 0 0 0 0 0 0 0.0005 0.0004 0.001 0.0002 0.0006 0.0001 0.001 0.0001 0.0056 0.0124 0.0003 0.0003 0.001 1 0.0004 0.9729 0.0018 0.0003 0.0246 0 1 0 0.0028 0 3.944 1.59 182.8 1346 1343 2.6 412 1.08E+16
0.002 0.0003 0.0023 0.0008 0 0.0342 0 0.0043 0.0062 0.0019 0.9323 0 0 0.0001 0 0 0.0003 0.0007 0.0003 0.0007 0.0002 0.0008 0.0001 0.002 0.0002 0.0073 0.0134 0 0.0006 0.0011 1 0.003 0.9709 0.0021 0.0003 0.0236 0 1 0 0.0025 0.0028 3.9402 1.59 182.8 1379 1376 2.7 747 1.16E+16
0.002 0 0.002 0.001 0 0.034 0 0.004 0.013 0.003 0.926 0 0 0 0 0 0 0.001 0 0.001 0 0.001 0 0.001 0 0.008 0.012 0 0.001 0.001 1 0.002 0.968 0.002 0.001 0.027 0 1 0 0.003 0.003 3.935 1.59 182.5 1337 1334 2.6 1069 1.18E+16
0 0 0 0.0004 0 0 0 0 0 0.0025 0.9828 0 0 0 0 0 0 0.0006 0.0003 0.0003 0.0001 0.0006 0.0001 0.0008 0.0001 0.0054 0.0108 0.0002 0.0002 0.0002 0.9998 0 0.9973 0.0028 0.0001 0 0 1.0002 0 0 0.0024 3.997 1.85 184.5 310 309 0.5 237 3.18E+15
0 0 0 0.0005 0.0003 0 0 0.0003 0.0006 0.0006 0.9802 0 0 0 0 0 0 0 0 0.0004 0.0001 0.0005 0.0003 0.0009 0.0003 0.0031 0.0121 0.0002 0.0001 0.0001 0.9974 0 1 0.0024 0.0002 0 0 1.0026 0 0 0.0007 3.998 1.85 184.3 181 181 0.3 131 1.85E+15
0 0 0 0 0 0.0003 0 0 0 0.0012 0.9825 0 0 0 0 0 0 0.0007 0.0003 0.0004 0.0001 0.0006 0.0001 0.0008 0 0.0042 0.0111 0.0003 0.0002 0.0004 0.9992 0 0.9983 0.0025 0 0 0 1.0008 0 0 0.0018 3.9976 1.85 184.6 561 560 0.9 267 5.46E+15
0 0 0 0 0 0 0 0 0 0.0006 0.9822 0 0 0 0 0 0 0 0 0.0003 0.0001 0.0004 0 0 0 0.0014 0.0116 0.0002 0.0001 0.0003 0.9959 0 1.0019 0.0019 0.0003 0 0 1.0041 0 0 0 4.0001 1.85 184.2 400 399 0.6 179 3.88E+15
0 0 0 0 0 0 0 0 0 0.001 0.982 0 0 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.004 0.011 0 0 0 0.998 0 0.999 0.002 0 0 0 1.002 0 0 0.001 3.998 1.85 184.4 363 362 0.6 204 3.59E+15
0 0 0 0.0004 0 0 0 0 0.0008 0.0005 0.9835 0 0 0 0 0 0 0.0005 0 0 0.0007 0.0007 0.0001 0.0008 0 0.0033 0.0117 0.0002 0 0.0001 1 0 0.9907 0.002 0.0002 0 0.007 1 0 0 0.0292 3.9697 1.85 184.4 103 103 0.2 0 9.15E+14
0 0 0 0.0004 0 0 0 0 0 0.0006 0.983 0 0 0 0 0.0006 0 0.0005 0.0003 0.0003 0.0001 0.0005 0.0004 0.0009 0 0.0042 0.0123 0 0 0.0001 1 0 0.9933 0.0023 0.0001 0 0.0042 1 0 0 0.0187 3.9809 1.85 184.5 142 142 0.2 0 1.26E+15
0 0 0 0 0 0 0 0 0.001 0.0004 0.9841 0 0 0 0 0 0 0.0007 0.0001 0.0004 0.0001 0.0004 0.0001 0.0007 0 0.0029 0.0117 0.0002 0 0.0001 1 0 0.9862 0.0017 0.0002 0 0.012 1 0 0 0.0491 3.9502 1.85 184.2 137 137 0.2 0 1.21E+15
0 0 0 0 0 0 0 0 0.001 0.001 0.984 0 0 0 0 0 0 0.001 0 0 0 0.001 0 0.001 0 0.003 0.012 0 0 0 1 0 0.99 0.002 0 0 0.008 1 0 0 0.032 3.967 1.85 184.4 127 127 0.2 0 1.13E+15
0 0 0 0.0005 0 0.0006 0 0 0.0045 0.0015 0.9664 0 0 0 0 0 0 0.0007 0.0003 0.0003 0.0007 0.0007 0.0003 0.0024 0.0001 0.007 0.0113 0.0003 0.0002 0.0003 0.991 0 1.0061 0.0027 0.0001 0 0 1.009 0 0 0.0043 3.9921 1.85 184.0 450 450 0.7 232 4.43E+15
0 0 0 0.0006 0 0 0 0 0.0037 0.0018 0.967 0.0004 0 0 0 0 0 0 0.0003 0.0003 0.0001 0.0005 0.0001 0.0023 0.0002 0.0056 0.0111 0.0002 0.0002 0.0003 0.9893 0 1.0061 0.0045 0.0002 0 0 1.0107 0 0 0.0012 3.9964 1.85 183.8 427 426 0.7 241 4.24E+15
0 0 0 0.0005 0 0 0 0 0.0029 0.0015 0.9703 0 0 0 0 0 0 0 0 0 0 0.0005 0.0001 0.0023 0.0002 0.0046 0.0117 0.0003 0.0002 0.0003 0.991 0 1.0056 0.0032 0.0002 0 0 1.009 0 0.0005 0.0015 3.996 1.85 184.0 396 395 0.6 240 3.96E+15
0 0 0 0 0 0 0 0 0.0054 0.0014 0.9711 0 0 0 0 0 0 0.0005 0.0003 0.0003 0.0001 0.0005 0.0001 0.0017 0.0002 0.0051 0.0121 0.0003 0.0002 0.0003 0.9944 0 1.0022 0.0031 0.0002 0 0 1.0056 0 0 0.0018 3.9952 1.85 184.2 416 415 0.6 215 4.08E+15
0 0.0003 0.0003 0.0007 0 0.0004 0 0 0.0024 0.0015 0.9725 0 0 0 0 0.0005 0 0 0 0.0004 0.0001 0.0006 0.0001 0.0028 0.0003 0.0063 0.0114 0.0002 0.0002 0.0004 0.9945 0 1.002 0.0033 0.0001 0 0 1.0055 0 0 0.0026 3.9949 1.85 184.3 523 522 0.8 271 5.14E+15
0 0 0 0 0 0 0 0 0.004 0.002 0.969 0 0 0 0 0 0 0 0 0 0 0.001 0 0.002 0 0.006 0.012 0 0 0 0.992 0 1.004 0.003 0 0 0 1.008 0 0 0.002 3.995 1.85 184.1 442 442 0.7 240 4.37E+15
0.0016 0.0003 0.0019 0.0014 0 0.0086 0 0.0022 0.0309 0.006 0.9303 0 0 0.0005 0 0.0008 0 0.0006 0.0004 0.0011 0.0003 0.001 0.0002 0.0028 0.0002 0.0139 0.0112 0.0003 0.0005 0.0007 1 0.008 0.962 0.0049 0.0003 0 0.0248 1 0 0.0042 0.1021 3.8617 1.85 182.4 965 964 1.5 591 9.75E+15
0.0021 0.0002 0.0024 0.0008 0 0.0015 0 0.001 0.0109 0.0033 0.9543 0 0 0 0 0 0 0 0 0.0004 0.0005 0.0009 0.0004 0.0036 0.0002 0.0093 0.0121 0 0.0003 0.0005 0.9908 0 1.0055 0.0036 0.0001 0 0 1.0092 0 0.0027 0.0034 3.9866 1.85 183.8 681 680 1.1 438 6.87E+15
0.0021 0.0003 0.0023 0.0006 0 0.001 0 0.0011 0.0171 0.0018 0.9596 0 0 0 0 0 0 0.0008 0.0001 0.0007 0.0002 0.0009 0.0003 0.0029 0.0002 0.0079 0.0117 0.0002 0.0002 0.0005 1 0 0.9932 0.0036 0.0002 0 0.003 1 0 0.0014 0.0127 3.9744 1.85 184.0 710 709 1.1 290 6.84E+15
0 0.0003 0.0003 0.0004 0 0.0003 0 0 0.0062 0.0009 0.973 0 0 0 0 0 0 0 0 0.0003 0.0001 0.0004 0.0003 0.0018 0 0.0038 0.0108 0.0002 0 0.0002 0.9949 0 1.0028 0.0022 0.0002 0 0 1.0051 0 0 0.0013 3.9946 1.85 183.9 320 320 0.5 0 2.84E+15
0 0 0 0.0004 0 0.0004 0 0.0003 0.0038 0.0019 0.9754 0.0004 0 0 0 0 0 0.0005 0.0001 0.0004 0.0001 0.0004 0.0003 0.0023 0 0.006 0.0106 0.0003 0.0001 0.0004 0.9982 0 0.9977 0.004 0.0001 0 0 1.0018 0 0 0.0022 3.9948 1.85 184.3 481 480 0.8 145 4.53E+15
0.001 0 0.001 0.001 0 0.002 0 0.001 0.014 0.003 0.959 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.003 0 0.008 0.011 0 0 0 0.997 0.002 0.992 0.004 0 0 0.006 1.003 0 0.002 0.024 3.962 1.85 183.7 631 631 1.0 293 6.17E+15







Na K ∑I-site Mg Al Ca Sc Mn Fe Y Zr Nb La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu REE* Hf Pb Th U ∑A-site Al Si P Ti Fe Si* ∑B-site F Cl OH O age (Ga) MW U (ppm)238UC (ppm)235UD (ppm)Th (ppm)α-decays/mg
0.0027 0.0004 0.0031 0.0007 0 0.0025 0 0.0009 0.0189 0.0004 0.9485 0 0 0 0 0 0 0.0008 0.0003 0 0 0.0007 0.0002 0.0039 0.0004 0.0067 0.0205 0.0003 0 0.0011 1 0 0.9925 0.001 0.0002 0 0.0063 1 0 0.006 0.0216 3.9586 1.59 184.7 1422 1419 2.7 0 1.06E+16
0.0018 0 0.0018 0.0005 0 0.0014 0 0.001 0.0106 0.0024 0.9596 0 0 0 0 0 0 0.0005 0.0003 0.0005 0.0001 0.0006 0.0002 0.0056 0.0004 0.0107 0.0127 0.0007 0.0006 0.0023 1 0 0.9875 0.0017 0.0002 0 0.0106 1 0 0.0025 0.0473 3.9413 1.59 184.8 2918 2913 5.6 700 2.28E+16
0.0023 0.0002 0.0025 0.0006 0 0.002 0 0.001 0.0148 0.0014 0.9541 0 0 0 0 0 0 0.0007 0.0003 0.0003 0.0001 0.0007 0.0002 0.0048 0.0004 0.0087 0.0166 0.0005 0.0003 0.0017 1 0 0.99 0.0014 0.0002 0 0.0085 1 0 0.0043 0.0345 3.95 1.59 184.8 2170 2166 4.2 350 1.67E+16
0.005 0.0004 0.0054 0.0022 0.0004 0.0051 0 0.0008 0.0226 0.0014 0.9438 0 0 0 0 0 0 0 0 0 0 0.0006 0.0004 0.0048 0.0004 0.0076 0.0135 0.0003 0.0005 0.0012 0.998 0 1 0.0017 0.0004 0 0 1.002 0 0.0062 0.0005 3.9766 1.59 183.9 1592 1589 3.1 693 1.30E+16
0.0073 0.0012 0.0085 0.0013 0 0.0045 0 0.003 0.0263 0.017 0.8998 0 0 0.0009 0 0 0.0004 0.0012 0.0004 0.0025 0.0006 0.0021 0.0004 0.0074 0.0004 0.0333 0.0245 0.0007 0.0006 0.006 1 0.0147 0.9615 0.0145 0.0008 0 0.0084 1 0 0.0038 0.04 3.9261 1.59 186.0 7683 7668 14.9 774 5.80E+16
0.0118 0.0007 0.0125 0.0009 0 0.007 0 0.0029 0.0322 0.0143 0.898 0 0 0.0008 0.0007 0 0.0004 0.0014 0.0003 0.0015 0.0006 0.0016 0.0003 0.0074 0.0006 0.0301 0.0219 0.0008 0.0005 0.0057 1 0.0068 0.9595 0.0102 0.0006 0 0.023 1 0 0.0035 0.0959 3.8696 1.59 185.1 7315 7301 14.1 647 5.54E+16
0.0035 0.0003 0.0038 0.001 0.0003 0.004 0 0.0013 0.0208 0.0079 0.9398 0.0005 0 0.0002 0 0 0 0.0006 0.0001 0.0008 0.0002 0.0011 0.0004 0.0059 0.0004 0.0176 0.0101 0.0004 0.0014 0.0017 0.9989 0 0.9971 0.0038 0.0003 0 0 1.0011 0 0.0081 0.0101 3.9688 1.59 184.3 2204 2199 4.3 1723 1.92E+16
0 0.0004 0.0004 0.001 0 0.0061 0 0.0018 0.022 0.002 0.9436 0 0 0.0001 0 0 0 0.0006 0.0003 0.0007 0.0006 0.0009 0.0002 0.0049 0.0005 0.0108 0.0121 0.0004 0.0008 0.0014 1 0.0008 0.9864 0.0021 0.0002 0 0.0105 1 0 0.0197 0.0305 3.9291 1.59 184.0 1850 1846 3.6 1070 1.55E+16
0.004 0.0006 0.0046 0.0006 0 0.0028 0 0.0018 0.0213 0.0005 0.9393 0.0003 0 0 0 0 0 0 0 0.0006 0.0002 0.0009 0.0002 0.0041 0.0004 0.0068 0.0252 0.0004 0 0.0014 1 0.0002 0.9787 0.0009 0.0002 0 0.02 1 0 0.0085 0.0729 3.9024 1.59 184.8 1800 1796 3.5 0 1.34E+16
0.0039 0.0004 0.0043 0.001 0 0.0127 0 0.003 0.0272 0.0027 0.9183 0.0004 0 0.0003 0 0 0 0 0 0.0006 0.0002 0.001 0.0003 0.0072 0.0004 0.0129 0.0182 0.0006 0.0006 0.0051 1 0.002 0.9716 0.0017 0.0002 0 0.0245 1 0.0095 0.0045 0.0908 3.8635 1.59 183.9 6644 6631 12.8 820 5.10E+16
0.005 0.001 0.006 0.001 0 0.006 0 0.002 0.025 0.007 0.926 0 0 0 0 0 0 0.001 0 0.001 0 0.001 0 0.006 0 0.017 0.018 0.001 0.001 0.003 1 0.004 0.979 0.005 0 0 0.012 1 0.001 0.008 0.049 3.919 1.59 184.6 4155 4147 8.0 818 3.22E+16
0 0.0002 0.0002 0.0007 0 0.001 0 0.0015 0.005 0.005 0.9664 0 0 0.0009 0 0 0 0.0008 0.0001 0.001 0.0005 0.0011 0.0003 0.0018 0.0003 0.0118 0.0116 0.0002 0.0007 0.001 1 0.0046 0.9349 0.0028 0.0009 0 0.0568 1 0 0.0004 0.2354 3.756 1.59 183.3 1235 1233 2.4 874 1.07E+16
0.0043 0.0003 0.0047 0.001 0 0.0174 0 0.0039 0.0412 0.0034 0.9127 0 0 0.0002 0 0 0 0.0007 0.0001 0.0009 0.0002 0.0009 0.0002 0.0021 0.0004 0.0091 0.0121 0.0003 0.0008 0.0015 1 0.0044 0.9486 0.0018 0.0005 0 0.0447 1 0 0.0039 0.1773 3.7733 1.59 181.0 1939 1935 3.7 1034 1.64E+16
0.0022 0.0003 0.0025 0.0009 0 0.0092 0 0.0027 0.0231 0.0042 0.9396 0 0 0.0006 0 0 0 0.0008 0.0001 0.001 0.0004 0.001 0.0003 0.002 0.0004 0.0105 0.0119 0.0003 0.0008 0.0013 1 0.0045 0.9418 0.0023 0.0007 0 0.0508 1 0 0.0022 0.2064 3.7647 1.59 182.2 1587 1584 3.1 954 1.35E+16
0.0022 0.0002 0.0024 0.0012 0 0.0141 0 0.0037 0.0334 0.0027 0.9267 0 0 0 0 0 0 0.0005 0.0001 0.0008 0.0005 0.0007 0.0001 0.0014 0.0001 0.0069 0.0123 0.0003 0.0004 0.0008 1 0.0066 0.9552 0.003 0.0002 0 0.035 1 0 0.0077 0.134 3.819 1.59 181.5 996 994 1.9 460 8.29E+15
0.0028 0.0002 0.003 0.0014 0 0.0144 0 0.0045 0.031 0.0007 0.9285 0 0 0.0002 0 0 0 0 0 0.0007 0.0002 0.0006 0.0001 0.0011 0.0001 0.0037 0.0153 0.0003 0.0002 0.0008 1 0.0071 0.9653 0.0014 0.0009 0 0.0252 1 0 0.0047 0.0963 3.8598 1.59 181.9 1080 1078 2.1 204 8.49E+15
0.0036 0.0005 0.0041 0.0015 0 0.0264 0 0.0069 0.0456 0.0092 0.8872 0 0.0001 0.0018 0.0007 0 0.0004 0.0009 0.0004 0.0018 0.0004 0.0012 0.0003 0.0026 0.0001 0.0199 0.0109 0 0.0006 0.0009 1 0.0307 0.9595 0.0036 0.0004 0 0.0057 1 0.0114 0.0058 0.0179 3.8919 1.59 180.8 1140 1138 2.2 811 9.99E+15
0.003 0 0.003 0.001 0 0.018 0 0.005 0.037 0.004 0.914 0 0 0.001 0 0 0 0 0 0.001 0 0.001 0 0.002 0 0.01 0.013 0 0 0.001 1 0.015 0.96 0.003 0.001 0 0.022 1 0.004 0.006 0.083 3.857 1.59 181.4 1072 1070 2.1 492 8.92E+15
0 0 0 0.0005 0 0.0003 0 0 0.0205 0.0019 0.9637 0 0 0 0 0 0 0 0 0 0 0.0004 0.0001 0.0009 0.0001 0.0034 0.0108 0.0003 0.0002 0.0003 1 0.0003 0.9895 0.0028 0.0003 0 0.0071 1 0 0.0004 0.0287 3.9594 1.59 183.4 416 416 0.8 312 3.62E+15
0.0032 0.0003 0.0034 0.0011 0 0.0156 0 0.0036 0.0275 0.0019 0.9309 0.0003 0 0 0 0 0 0 0 0.0007 0.0002 0.0006 0.0001 0.0012 0.0001 0.0048 0.0144 0.0003 0.0004 0.0013 1 0.0033 0.9585 0.0019 0 0 0.0363 1 0.0065 0.0052 0.1336 3.8192 1.59 181.8 1697 1694 3.3 522 1.37E+16
0.0067 0.0004 0.0071 0.0015 0 0.0109 0 0.0053 0.0314 0.008 0.9194 0 0 0 0 0 0.0003 0.0009 0.0004 0.0015 0.0003 0.0011 0.0003 0.0021 0 0.0149 0.0142 0.0004 0.0003 0.002 1 0.0052 0.9772 0.007 0.0002 0 0.0105 1 0.0083 0.0034 0.0308 3.9211 1.59 182.9 2567 2562 5.0 374 1.99E+16
0 0.0002 0.0002 0.0007 0 0.0005 0 0.0003 0.0114 0.0003 0.9731 0.0004 0 0 0.0005 0.0005 0 0 0 0.0003 0.0001 0.0003 0 0 0 0.002 0.0109 0.0002 0.0001 0.0003 1 0.0012 0.973 0.0013 0.0008 0 0.0236 1 0 0 0.0949 3.8972 1.59 183.3 450 449 0.9 153 3.62E+15
0 0 0 0.0005 0 0.0008 0 0.0005 0.0088 0.0009 0.9733 0 0 0 0 0 0 0 0.0003 0.0003 0.0001 0.0005 0.0001 0.0008 0.0001 0.0031 0.0124 0.0002 0.0002 0.0003 1 0.0013 0.9928 0.0022 0.0002 0 0.0036 1 0 0.0004 0.0147 3.9778 1.59 184.0 328 327 0.6 213 2.79E+15
0 0.0002 0.0002 0.0176 0 0.0009 0 0.0007 0.0153 0.0026 0.9459 0 0 0 0 0 0 0.0005 0.0001 0.0005 0.0002 0.0007 0.0001 0.0015 0.0001 0.0063 0.0124 0.0003 0.0002 0.0004 1 0.0155 0.963 0.0029 0.0008 0 0.0178 1 0 0.0006 0.0737 3.8908 1.59 182.0 524 523 1.0 233 4.33E+15
0 0 0 0.0009 0 0.0011 0 0.0016 0.0092 0.0024 0.9683 0.0003 0 0 0.0005 0 0 0 0 0.0005 0.0002 0.0009 0.0001 0.001 0.0001 0.0057 0.0121 0.0002 0.0003 0.0004 1 0.0036 0.981 0.0028 0.0004 0 0.0123 1 0 0.0006 0.0514 3.938 1.59 183.8 456 455 0.9 363 3.99E+15
0.001 0 0.002 0.003 0 0.004 0 0.002 0.018 0.003 0.954 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.001 0 0.006 0.012 0 0 0.001 1 0.004 0.976 0.003 0 0 0.016 1 0.002 0.002 0.061 3.915 1.59 183.0 920 918 1.8 310 7.42E+15
0.002 0.0005 0.0026 0.0013 0 0.0141 0.0004 0.0056 0.0335 0.0125 0.9092 0 0 0.0005 0 0 0 0.0012 0.0004 0.0017 0.0004 0.0014 0.0002 0.0031 0.0006 0.0224 0.0119 0.0003 0.0005 0.001 1 0.0169 0.9492 0.0034 0.0003 0 0.0302 1 0 0.0047 0.1328 3.8159 1.59 181.8 1314 1312 2.5 660 1.10E+16
0.0023 0.0003 0.0025 0.0009 0 0.0081 0 0.0035 0.0289 0.001 0.9395 0.0004 0 0 0.0005 0.0007 0 0 0.0003 0.0006 0.0002 0.0007 0.0001 0.0011 0.0001 0.0053 0.0125 0.0002 0.0003 0.0006 1 0.001 0.9639 0.0019 0.0005 0 0.0327 1 0 0.0052 0.1266 3.8409 1.59 182.2 737 735 1.4 319 6.08E+15
0.0014 0.0002 0.0016 0.0012 0 0.0151 0 0.0043 0.0273 0.0026 0.9297 0 0 0.0003 0 0 0 0.0007 0.0001 0.0007 0.0007 0.0008 0.0004 0.0018 0 0.0081 0.0128 0.0002 0.0004 0.0008 1 0.0078 0.9689 0.0019 0.0011 0 0.0203 1 0 0.0064 0.0796 3.8756 1.59 182.1 1046 1044 2.0 471 8.66E+15
0.0017 0.0003 0.002 0.0009 0 0.0142 0 0.0037 0.0438 0.0022 0.9189 0 0 0.0003 0 0 0 0 0.0003 0.0008 0.0002 0.0008 0.0001 0.0017 0.0001 0.0065 0.0107 0.0002 0.0004 0.0006 1 0.0082 0.9594 0.0017 0.0002 0 0.0304 1 0 0.0065 0.1181 3.8304 1.59 181.0 841 839 1.6 486 7.18E+15
0.0019 0.0003 0.0022 0.0014 0 0.0123 0 0.0048 0.0384 0.0013 0.9251 0 0 0 0 0 0 0.0006 0.0001 0.0007 0.0002 0.0006 0.0001 0.0009 0.0001 0.0046 0.0123 0.0001 0.0002 0.0007 1 0.0078 0.9642 0.0017 0.0018 0 0.0245 1 0 0.0044 0.0945 3.8594 1.59 181.4 941 939 1.8 315 7.64E+15
0.004 0 0.004 0.001 0 0.0146 0 0.0045 0.0327 0.0014 0.9307 0 0 0 0 0 0 0.0005 0.0001 0.0009 0.0002 0.0004 0.0001 0.0008 0.0001 0.0045 0.011 0.0002 0.0003 0.0006 1 0.0058 0.978 0.0018 0.0001 0 0.0143 1 0.006 0.0034 0.0476 3.9042 1.59 181.7 761 759 1.5 376 6.36E+15
0.0058 0.0005 0.0063 0.0013 0 0.0166 0.0009 0.0048 0.0396 0.0151 0.8967 0 0 0.0004 0.0005 0.0007 0.0003 0.001 0.0002 0.0014 0.0003 0.0013 0.0002 0.0036 0.0006 0.0265 0.0117 0.0003 0.0007 0.0019 1 0.0093 0.9579 0.0074 0.0007 0 0.0248 1 0.0139 0.0034 0.0944 3.8407 1.59 181.8 2437 2433 4.7 886 1.99E+16
0.0035 0.0003 0.0038 0.0017 0 0.0152 0 0.0048 0.0397 0.0015 0.9203 0.0003 0 0.0005 0 0 0 0 0 0.0007 0.0001 0.0005 0.0001 0.0006 0 0.004 0.0125 0.0003 0.0002 0.0009 1 0.0117 0.9147 0.0015 0.0019 0 0.0702 1 0 0.0035 0.2772 3.6724 1.59 180.0 1172 1170 2.3 260 9.37E+15
0.0056 0 0.0056 0.001 0 0.0093 0 0.0038 0.0227 0.0042 0.9421 0 0 0 0 0 0 0 0.0003 0.0008 0.0002 0.001 0.0004 0.0016 0 0.0085 0.0113 0.0003 0.0004 0.0006 1 0.0027 0.9486 0.0032 0.0002 0 0.0454 1 0 0.0065 0.175 3.7915 1.59 182.0 739 738 1.4 531 6.44E+15
0.003 0 0.003 0.001 0 0.013 0 0.004 0.034 0.005 0.924 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.002 0 0.01 0.012 0 0 0.001 1 0.008 0.956 0.003 0.001 0 0.033 1 0.002 0.005 0.127 3.826 1.59 181.6 1110 1108 2.1 478 9.18E+15
0 0.0003 0.0003 0 0 0.0056 0 0.0033 0.0191 0.0036 0.949 0 0 0.0003 0 0.0005 0 0.0008 0.0003 0.0008 0.0002 0.0008 0.0001 0.0017 0.0001 0.0092 0.0115 0.0004 0.001 0.0009 1 0.0013 0.9854 0.0025 0.0009 0.01 0 1 0 0.0008 0.0064 3.9688 1.59 183.9 1118 1116 2.2 1267 1.04E+16
0.0019 0 0.0019 0.0007 0 0.022 0 0.0048 0.0155 0.0024 0.9384 0 0 0 0 0 0 0 0.0003 0.0008 0.0002 0.0006 0.0003 0.0008 0 0.0054 0.0115 0.0004 0.0006 0.0008 1 0 0.9643 0.0024 0.0012 0.0321 0 1 0 0.0024 0.001 3.946 1.59 183.1 1052 1050 2.0 714 9.05E+15
0.0034 0.0003 0.0037 0.0003 0 0.0215 0 0.0023 0.0165 0.0018 0.9396 0.0004 0 0 0 0.0005 0 0.0008 0.0001 0.0006 0.0002 0.0007 0.0003 0.001 0 0.006 0.0121 0.0004 0.0003 0.0007 1 0.0007 0.9731 0.0022 0.0014 0.0226 0 1 0 0.0018 0 3.9549 1.59 183.2 940 938 1.8 372 7.65E+15
0.0028 0.0002 0.003 0.0024 0 0.0304 0 0.0037 0.014 0.0044 0.9242 0.0004 0 0 0.0005 0.0005 0.0003 0 0.0003 0.0009 0.0002 0.0009 0.0003 0.0016 0 0.0099 0.0133 0.0003 0.0003 0.001 1 0.0059 0.977 0.0025 0.0007 0.014 0 1 0 0.0033 0.0045 3.9404 1.59 182.5 1362 1359 2.6 332 1.08E+16
0.002 0.0003 0.0022 0.0005 0 0.0082 0 0.0045 0.0135 0.0019 0.9529 0 0 0 0 0 0 0.0006 0.0001 0.0008 0.0002 0.0007 0.0001 0.0011 0.0001 0.0056 0.0133 0.0003 0.0003 0.001 1 0.0005 0.9869 0.0021 0.0006 0.0099 0 1 0 0.0008 0.0011 3.973 1.59 183.8 1295 1293 2.5 334 1.02E+16
0.002 0 0.002 0.001 0 0.018 0 0.004 0.016 0.003 0.941 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.001 0 0.007 0.012 0 0.001 0.001 1 0.002 0.977 0.002 0.001 0.018 0 1 0 0.002 0.003 3.957 1.59 183.3 1153 1151 2.2 604 9.62E+15
0.0026 0.0003 0.0029 0.0009 0 0.0364 0 0.0034 0.0095 0.0033 0.9285 0 0 0 0 0 0.0004 0.0005 0.0005 0.0008 0.0002 0.0007 0.0003 0.0015 0.0003 0.0085 0.0105 0.0005 0.0009 0.001 1 0.0013 0.9642 0.0025 0.0007 0.0314 0 1 0 0.0031 0.0032 3.933 1.59 182.6 1263 1260 2.4 1096 1.13E+16
0.0023 0 0.0023 0.0007 0 0.0451 0 0.0039 0.0228 0.0057 0.9033 0 0 0.0002 0.0006 0 0 0.0008 0.0003 0.0011 0.0003 0.0009 0.0001 0.0013 0.0001 0.0114 0.01 0.0004 0.0016 0.001 1 0.0026 0.9658 0.0032 0.0012 0.0272 0 1 0 0.0033 0.0058 3.9162 1.59 181.4 1292 1289 2.5 2029 1.31E+16
0 0 0 0.0007 0 0.022 0 0.0045 0.0222 0.0031 0.9297 0 0 0 0 0.0005 0 0 0 0.0009 0.0002 0.0006 0.0001 0.0014 0.0001 0.0069 0.0119 0.0003 0.0008 0.0011 1 0.0005 0.9677 0.0021 0.0015 0.0283 0 1 0 0.0024 0.0048 3.9411 1.59 182.9 1404 1401 2.7 1059 1.23E+16
0.0037 0 0.0037 0.0006 0 0.0326 0 0.0057 0.0059 0.0017 0.9356 0 0 0 0 0 0 0.0005 0.0004 0.001 0.0002 0.0006 0.0001 0.001 0.0001 0.0056 0.0124 0.0003 0.0003 0.001 1 0.0004 0.9729 0.0018 0.0003 0.0246 0 1 0 0.0028 0 3.944 1.59 182.8 1346 1343 2.6 412 1.08E+16
0.002 0.0003 0.0023 0.0008 0 0.0342 0 0.0043 0.0062 0.0019 0.9323 0 0 0.0001 0 0 0.0003 0.0007 0.0003 0.0007 0.0002 0.0008 0.0001 0.002 0.0002 0.0073 0.0134 0 0.0006 0.0011 1 0.003 0.9709 0.0021 0.0003 0.0236 0 1 0 0.0025 0.0028 3.9402 1.59 182.8 1379 1376 2.7 747 1.16E+16
0.002 0 0.002 0.001 0 0.034 0 0.004 0.013 0.003 0.926 0 0 0 0 0 0 0.001 0 0.001 0 0.001 0 0.001 0 0.008 0.012 0 0.001 0.001 1 0.002 0.968 0.002 0.001 0.027 0 1 0 0.003 0.003 3.935 1.59 182.5 1337 1334 2.6 1069 1.18E+16
0 0 0 0.0004 0 0 0 0 0 0.0025 0.9828 0 0 0 0 0 0 0.0006 0.0003 0.0003 0.0001 0.0006 0.0001 0.0008 0.0001 0.0054 0.0108 0.0002 0.0002 0.0002 0.9998 0 0.9973 0.0028 0.0001 0 0 1.0002 0 0 0.0024 3.997 1.85 184.5 310 309 0.5 237 3.18E+15
0 0 0 0.0005 0.0003 0 0 0.0003 0.0006 0.0006 0.9802 0 0 0 0 0 0 0 0 0.0004 0.0001 0.0005 0.0003 0.0009 0.0003 0.0031 0.0121 0.0002 0.0001 0.0001 0.9974 0 1 0.0024 0.0002 0 0 1.0026 0 0 0.0007 3.998 1.85 184.3 181 181 0.3 131 1.85E+15
0 0 0 0 0 0.0003 0 0 0 0.0012 0.9825 0 0 0 0 0 0 0.0007 0.0003 0.0004 0.0001 0.0006 0.0001 0.0008 0 0.0042 0.0111 0.0003 0.0002 0.0004 0.9992 0 0.9983 0.0025 0 0 0 1.0008 0 0 0.0018 3.9976 1.85 184.6 561 560 0.9 267 5.46E+15
0 0 0 0 0 0 0 0 0 0.0006 0.9822 0 0 0 0 0 0 0 0 0.0003 0.0001 0.0004 0 0 0 0.0014 0.0116 0.0002 0.0001 0.0003 0.9959 0 1.0019 0.0019 0.0003 0 0 1.0041 0 0 0 4.0001 1.85 184.2 400 399 0.6 179 3.88E+15
0 0 0 0 0 0 0 0 0 0.001 0.982 0 0 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.004 0.011 0 0 0 0.998 0 0.999 0.002 0 0 0 1.002 0 0 0.001 3.998 1.85 184.4 363 362 0.6 204 3.59E+15
0 0 0 0.0004 0 0 0 0 0.0008 0.0005 0.9835 0 0 0 0 0 0 0.0005 0 0 0.0007 0.0007 0.0001 0.0008 0 0.0033 0.0117 0.0002 0 0.0001 1 0 0.9907 0.002 0.0002 0 0.007 1 0 0 0.0292 3.9697 1.85 184.4 103 103 0.2 0 9.15E+14
0 0 0 0.0004 0 0 0 0 0 0.0006 0.983 0 0 0 0 0.0006 0 0.0005 0.0003 0.0003 0.0001 0.0005 0.0004 0.0009 0 0.0042 0.0123 0 0 0.0001 1 0 0.9933 0.0023 0.0001 0 0.0042 1 0 0 0.0187 3.9809 1.85 184.5 142 142 0.2 0 1.26E+15
0 0 0 0 0 0 0 0 0.001 0.0004 0.9841 0 0 0 0 0 0 0.0007 0.0001 0.0004 0.0001 0.0004 0.0001 0.0007 0 0.0029 0.0117 0.0002 0 0.0001 1 0 0.9862 0.0017 0.0002 0 0.012 1 0 0 0.0491 3.9502 1.85 184.2 137 137 0.2 0 1.21E+15
0 0 0 0 0 0 0 0 0.001 0.001 0.984 0 0 0 0 0 0 0.001 0 0 0 0.001 0 0.001 0 0.003 0.012 0 0 0 1 0 0.99 0.002 0 0 0.008 1 0 0 0.032 3.967 1.85 184.4 127 127 0.2 0 1.13E+15
0 0 0 0.0005 0 0.0006 0 0 0.0045 0.0015 0.9664 0 0 0 0 0 0 0.0007 0.0003 0.0003 0.0007 0.0007 0.0003 0.0024 0.0001 0.007 0.0113 0.0003 0.0002 0.0003 0.991 0 1.0061 0.0027 0.0001 0 0 1.009 0 0 0.0043 3.9921 1.85 184.0 450 450 0.7 232 4.43E+15
0 0 0 0.0006 0 0 0 0 0.0037 0.0018 0.967 0.0004 0 0 0 0 0 0 0.0003 0.0003 0.0001 0.0005 0.0001 0.0023 0.0002 0.0056 0.0111 0.0002 0.0002 0.0003 0.9893 0 1.0061 0.0045 0.0002 0 0 1.0107 0 0 0.0012 3.9964 1.85 183.8 427 426 0.7 241 4.24E+15
0 0 0 0.0005 0 0 0 0 0.0029 0.0015 0.9703 0 0 0 0 0 0 0 0 0 0 0.0005 0.0001 0.0023 0.0002 0.0046 0.0117 0.0003 0.0002 0.0003 0.991 0 1.0056 0.0032 0.0002 0 0 1.009 0 0.0005 0.0015 3.996 1.85 184.0 396 395 0.6 240 3.96E+15
0 0 0 0 0 0 0 0 0.0054 0.0014 0.9711 0 0 0 0 0 0 0.0005 0.0003 0.0003 0.0001 0.0005 0.0001 0.0017 0.0002 0.0051 0.0121 0.0003 0.0002 0.0003 0.9944 0 1.0022 0.0031 0.0002 0 0 1.0056 0 0 0.0018 3.9952 1.85 184.2 416 415 0.6 215 4.08E+15
0 0.0003 0.0003 0.0007 0 0.0004 0 0 0.0024 0.0015 0.9725 0 0 0 0 0.0005 0 0 0 0.0004 0.0001 0.0006 0.0001 0.0028 0.0003 0.0063 0.0114 0.0002 0.0002 0.0004 0.9945 0 1.002 0.0033 0.0001 0 0 1.0055 0 0 0.0026 3.9949 1.85 184.3 523 522 0.8 271 5.14E+15
0 0 0 0 0 0 0 0 0.004 0.002 0.969 0 0 0 0 0 0 0 0 0 0 0.001 0 0.002 0 0.006 0.012 0 0 0 0.992 0 1.004 0.003 0 0 0 1.008 0 0 0.002 3.995 1.85 184.1 442 442 0.7 240 4.37E+15
0.0016 0.0003 0.0019 0.0014 0 0.0086 0 0.0022 0.0309 0.006 0.9303 0 0 0.0005 0 0.0008 0 0.0006 0.0004 0.0011 0.0003 0.001 0.0002 0.0028 0.0002 0.0139 0.0112 0.0003 0.0005 0.0007 1 0.008 0.962 0.0049 0.0003 0 0.0248 1 0 0.0042 0.1021 3.8617 1.85 182.4 965 964 1.5 591 9.75E+15
0.0021 0.0002 0.0024 0.0008 0 0.0015 0 0.001 0.0109 0.0033 0.9543 0 0 0 0 0 0 0 0 0.0004 0.0005 0.0009 0.0004 0.0036 0.0002 0.0093 0.0121 0 0.0003 0.0005 0.9908 0 1.0055 0.0036 0.0001 0 0 1.0092 0 0.0027 0.0034 3.9866 1.85 183.8 681 680 1.1 438 6.87E+15
0.0021 0.0003 0.0023 0.0006 0 0.001 0 0.0011 0.0171 0.0018 0.9596 0 0 0 0 0 0 0.0008 0.0001 0.0007 0.0002 0.0009 0.0003 0.0029 0.0002 0.0079 0.0117 0.0002 0.0002 0.0005 1 0 0.9932 0.0036 0.0002 0 0.003 1 0 0.0014 0.0127 3.9744 1.85 184.0 710 709 1.1 290 6.84E+15
0 0.0003 0.0003 0.0004 0 0.0003 0 0 0.0062 0.0009 0.973 0 0 0 0 0 0 0 0 0.0003 0.0001 0.0004 0.0003 0.0018 0 0.0038 0.0108 0.0002 0 0.0002 0.9949 0 1.0028 0.0022 0.0002 0 0 1.0051 0 0 0.0013 3.9946 1.85 183.9 320 320 0.5 0 2.84E+15
0 0 0 0.0004 0 0.0004 0 0.0003 0.0038 0.0019 0.9754 0.0004 0 0 0 0 0 0.0005 0.0001 0.0004 0.0001 0.0004 0.0003 0.0023 0 0.006 0.0106 0.0003 0.0001 0.0004 0.9982 0 0.9977 0.004 0.0001 0 0 1.0018 0 0 0.0022 3.9948 1.85 184.3 481 480 0.8 145 4.53E+15
0.001 0 0.001 0.001 0 0.002 0 0.001 0.014 0.003 0.959 0 0 0 0 0 0 0 0 0.001 0 0.001 0 0.003 0 0.008 0.011 0 0 0 0.997 0.002 0.992 0.004 0 0 0.006 1.003 0 0.002 0.024 3.962 1.85 183.7 631 631 1.0 293 6.17E+15




Table S5. LA-ICP-MS data for zircon (ppm)
Affiliation Granite Age Location Sample Grain Al P Ca Ti Mn Fe Y Nb Sn La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta 206Pb 207Pb 208Pb ∑Pb Th U ∑REY
<0.57 377 <112 10.9 2.29 35.7 880 2.45 0.45 0.049 13.5 0.218 3.31 5.14 0.298 24.7 7.07 84.6 31 138 27 241 45.3 9450 1.04 48.1 5.34 9.04 62.5 90.9 147 1500
927 249 <123 9.51 7.36 2820 393 1.25 0.26 0.566 9.09 0.153 1.55 1.29 0.124 6.58 2.66 33.3 13.1 64.2 12.9 125 24.5 9400 0.68 50.9 6.0 7.46 64.4 58.6 138 687
15.8 279 531 3.29 194 4700 276 2.53 0.39 0.103 4.36 0.313 1.41 1.59 0.24 4.51 1.61 17.4 7.72 47.6 11.4 133 28.4 10200 2.56 126 15 11.7 153 81.5 646 535
0.8 287 <101 1.51 <0.43 <23.9 444 3 0.21 0.015 10.3 0.015 1.06 0.77 0.048 6.82 2.39 35 14.1 75 16.1 153 30.8 11500 1.78 102 11.8 12.1 126 120 316 789
4.17 331 <110 11.4 <0.42 <24.1 757 1.7 0.3 0.086 11.8 0.122 2.53 4.07 0.505 19.1 6.11 72.6 25.3 119 23.4 209 40 9660 0.87 45.6 5.28 7.48 58.4 73.2 136 1290
323 201 <112 11.2 2.33 446 875 1.97 <0.16 0.05 14.2 0.28 3.22 5.05 0.48 25 8.26 89 33.3 143 28.3 244 46.9 10300 0.78 41.1 4.53 8.29 53.9 77 132 1510
358 509 143 8.28 5.21 841 1900 1 0.22 0.335 20 1.88 13.2 22.5 3.78 82 22.3 229 66.7 277 49.5 429 79.1 10700 0.74 72.4 9.2 13.6 95.1 148 255 3200
1.03 521 <136 5.62 0.63 94.3 1110 0.94 0.22 0.012 6.98 0.127 3.16 6.07 0.72 27.1 8.47 101 36.4 181 34.1 298 56.6 7870 0.54 57.9 6.22 11.6 75.7 100 151 1870
7.18 239 <101 9.58 0.91 <26.4 528 2.02 0.27 0.11 9.81 0.272 2.76 2.92 0.471 13.2 4.37 53.7 17.1 82.2 16.6 150 29.2 8830 1.23 55.4 6.2 5.08 66.7 49.7 159 910
2.06 414 <102 12.2 0.94 37.9 1820 2.34 0.16 0.042 18.4 0.419 6.25 12.6 0.79 52.2 16.1 187 63 277 52 421 78.7 9750 1.16 95.3 11 26 132 286 308 3010
<0.52 253 <91.4 4.69 <0.41 <24.7 852 1.91 <0.17 <0.015 13.2 0.042 0.62 2.55 0.12 14.8 5.27 74 28.2 137 29.3 260 50.9 10700 0.998 91.9 10.9 13.4 116 138 282 1470
<0.51 398 <105 7.41 <0.42 <24.1 1150 1.77 0.34 <0.014 13.4 0.105 1.69 3.17 0.318 26 8.31 108 39.2 176 35.6 304 57.8 10200 0.91 71.6 8.56 15 95.1 157 227 1930
<0.65 277 169 6.87 <0.48 <28 550 1.85 0.31 0.01 10.6 0.048 0.87 2.03 0.045 11.1 3.95 44.4 17.3 88.3 18.2 172 34.4 8780 1.08 65.7 7.71 9.41 82.8 80.2 178 953
402 480 197 6.22 7.19 1170 1280 2.05 <0.16 0.347 14.3 1.05 10 23 3.34 96.1 23.7 186 42.7 164 28.9 245 43.4 11600 1.53 106 12.4 11.4 130 119 347 2170
<0.55 400 110 6.46 2.03 37.4 689 3.69 0.31 0.047 15.7 0.067 0.43 2.23 0.105 12.3 4.35 55.9 22.5 117 24.3 209 41 11700 2.12 86.9 9.84 10.9 108 115 275 1190
70.4 852 <95.5 5.66 7.93 146 2710 3.07 0.19 1.07 24.1 3.36 32.3 56.6 8.22 191 53.8 421 91.5 273 40.4 292 48.6 11100 1.99 89.4 10 8.71 108 89.5 286 4250
104 999 234 4.88 152 2260 3040 5.85 0.28 1.52 40.8 3.14 30.6 50.8 7.71 216 54.3 445 107 387 65.1 548 92.9 8540 2.46 153 17.6 42.3 212 422 545 5090
426 645 530 7.98 302 4890 2170 4.75 <0.14 8.07 50.2 8.26 50.1 57.2 8.86 166 43.1 337 74 250 41 351 60.4 12700 3.7 144 17.9 14.1 176 102 723 3670
1.43 548 <112 5.94 <0.48 <27.4 2590 5.48 0.5 0.099 20.9 1.01 12.9 16.1 2.08 81.5 23.7 265 88.4 372 69.5 563 105 7700 1.85 67.1 7.3 18.6 92.9 174 189 4210
<0.55 181 305 9.85 0.84 <25.2 443 1.21 0.24 <0.009 8.17 0.07 0.9 1.78 0.105 10.2 3.48 38.6 14.9 68.9 15 133 25.3 9910 0.437 26.9 3.22 3.67 33.8 41.7 86.6 763
25.6 268 <110 9.56 0.48 68.6 420 1.59 0.28 0.032 9.7 0.101 0.71 1.24 0.16 8.38 2.96 36.1 14.4 68.9 14.5 127 25.1 10200 0.837 38.1 4.27 5.15 47.5 52.8 119 730
30.8 223 126 7.06 8.29 134 465 1.76 <0.18 0.792 13.4 1.46 4.87 4.76 1.17 13 3.79 40.7 14.8 71.8 14.3 132 25.5 8920 0.643 40.8 4.42 6.3 51.5 48.5 108 807
<0.56 190 <98.2 10.4 <0.41 25.4 538 2.8 <0.14 0.202 15.3 0.087 1.17 0.75 0.096 8.83 2.9 42.6 17.3 88.3 18.6 169 32.8 11200 1.58 103 11.7 13.1 128 143 326 936
<0.56 238 <90.7 9.58 0.41 29.8 456 2.24 0.23 <0.012 10.6 0.082 0.51 1.12 0.159 9.99 2.83 37.6 14.6 74.2 14.3 142 28.7 10600 1.23 61.4 7.34 9.3 78.1 89.4 194 792
0.66 322 125 12.9 <0.42 <24.4 881 2.19 <0.13 <0.012 12.8 0.13 1.7 4.44 0.191 21.2 6.29 78.8 29.2 141 27.4 243 46.2 10100 1.5 83.5 10 16.2 110 154 256 1490
1.28 349 <91.5 7.1 <0.43 <25 1730 2.49 0.27 <0.018 20.2 0.216 4.63 8.63 0.7 45.3 14.5 167 59 258 50.5 425 79.4 10200 1.14 130 15 30.9 176 330 409 2860
4.86 248 244 11.4 <0.43 <24.3 399 1.55 0.2 0.021 9.65 0.023 0.51 1.36 <0.022 6.18 2.87 33.9 13 64 13.4 126 24.9 10000 0.906 50.5 5.83 7.75 64.1 74.4 158 695
0.82 233 <104 12.3 <0.41 <24.3 656 2.61 <0.17 0.019 14 0.062 1.46 2.22 0.073 12.9 4.46 59.1 21.3 101 20.8 190 37.6 9660 1.05 70.8 7.93 12.6 91.4 131 224 1120
<0.52 206 264 13.1 <0.42 <25.2 403 1.55 <0.13 <0.012 9.24 0.049 0.59 1.16 0.015 7.99 2.6 34.2 13.5 63.5 13.9 123 24.7 10000 0.715 40.1 4.34 5.49 49.9 58.6 129 698
<0.62 324 334 11.2 <0.47 <28.4 509 2.53 0.19 0.256 14.3 0.085 0.81 1.79 0.075 9.46 3.67 43.9 16.4 79.8 17.3 152 30.3 9910 1.54 104 12.1 14.1 131 137 292 879
<0.74 231 <133 13.8 <0.54 <32.2 371 1.31 0.31 0.01 7.91 <0.023 0.33 1.09 0.118 6.55 2.56 30.7 11.8 58.4 12.4 111 22.2 8090 0.751 43.4 4.77 6.14 54.3 51.5 108 636
0.75 235 <107 12.8 <0.44 53.5 507 2.14 0.54 <0.013 11.3 0.031 0.42 1.9 0.11 10.4 3.04 42.6 16.6 82.4 16.9 154 30.7 11100 1.13 63.5 7.46 9.78 80.8 95.1 203 877
<0.74 262 123 7.98 <0.55 <31.5 414 1.82 <0.18 0.062 10.4 0.071 0.48 1.23 0.069 7.11 2.8 32.9 13.6 65.6 13.9 124 25.3 8330 0.987 77.1 9.24 10.2 96.6 87.7 194 712
4.6 357 <100 13.1 0.48 <25.2 1110 3.23 0.18 0.067 15.1 0.239 2.9 5.4 0.354 28.7 8.7 101 37.1 174 34.9 303 57.7 9470 1.4 88.7 10.1 18.4 117 184 266 1880
1.94 263 <106 24 <0.44 <25.5 845 2.93 0.7 <0.01 17 0.053 1.63 4.18 0.133 19.6 5.51 77.9 28.6 134 27.7 258 48.6 10500 1.78 92.7 10.7 17.1 120 186 304 1470
<0.57 325 <92.7 15.2 <0.42 <24.8 1140 2.59 0.3 0.044 18 0.143 3.46 6.9 0.368 30.4 9.07 112 37.9 176 34.6 303 55 9630 1.28 98.8 11 21.7 132 225 314 1930
<0.54 327 <100 13.4 <0.44 <24.6 1050 2.33 0.19 <0.018 15.3 0.181 2.67 6.01 0.359 24.8 7.96 97.2 34.7 160 31.9 281 54.7 9570 1.28 89 10.2 18.8 118 189 264 1770
1.79 293 206 12.4 <0.41 <23.1 649 3.16 0.19 <0.012 13 <0.01 1.14 1.63 0.063 10.2 4.32 53.9 20.5 105 21.9 200 38.3 10600 1.66 85.7 9.88 12.8 108 132 267 1120
0.97 223 <85 14.1 0.42 <23.2 534 2.93 0.39 <0.008 13.6 0.075 0.29 1.6 0.11 9.29 3.34 42.2 16.8 86.1 18.5 162 31.5 10400 1.29 80.4 9.48 11.9 102 126 251 920
<0.54 361 <81.3 6.32 <0.44 28.4 1300 2.41 0.39 <0.009 17.8 0.131 2.46 4.44 0.279 31 9.84 118 42.5 200 39.4 332 63.5 10300 1.32 120 13.1 26.2 159 259 369 2160
1.04 268 <93.5 9.85 <0.43 <25 611 2.69 0.36 <0.02 15.2 0.033 1.05 1.91 0.101 12.1 3.71 50.9 19.5 97 19.6 175 35.5 10500 1.53 97.1 11.4 15.2 124 149 290 1040
8.75 282 <105 18.2 1.57 <24.8 872 3.92 <0.16 1.08 24 1.4 8.52 6.05 0.81 23.2 6.36 82.5 30.1 138 27.6 251 46.5 10800 1.85 116 13.9 21.3 151 234 374 1520
2.45 233 158 8.25 <0.42 <24.9 614 2.77 0.6 0.447 18.1 0.592 3.69 3.37 0.215 11.7 3.62 51.8 19.7 102 20.3 180 34.1 10200 1.28 75.5 8.77 12.1 96.5 134 242 1060
0.86 356 <101 11.7 <0.43 <24.2 626 2.76 <0.16 0.03 13.9 0.027 1.18 2.16 0.058 12.5 4.14 55.3 20.6 96.8 20.4 181 35.6 9780 1.15 71.7 8.07 12.2 92 122 219 1070
3.15 410 <109 4.27 <0.43 <26 788 3.56 0.51 0.317 21.4 0.365 5.3 2.07 0.336 17.1 6.1 66.8 25.5 119 26.2 219 44.1 10100 1.62 172 21.2 27.8 221 246 487 1340
1.65 168 <96.6 7.48 <0.42 26.6 534 3 <0.13 0.048 13.7 0.043 1.1 1.98 0.166 7.8 2.97 42.1 17.7 89.7 18.9 176 35.7 11600 1.6 125 13.9 14.6 153 162 411 942
275 532 861 6.04 438 3180 2120 5.43 1.07 3.78 37.1 2.85 11.3 10.9 2.6 37.8 15.1 185 63.1 277 52.1 472 91.4 12600 1.97 121 12.9 18.3 152 277 691 3380
783 959 2060 29.7 889 5680 5470 15.1 4.78 18 116 12.8 54.9 40.3 7.54 119 44.2 529 176 797 157 1300 226 10500 4.06 130 14.3 38.1 182 950 1220 9060
2140 1270 2530 49.9 1050 7010 7140 9.18 11 55.2 344 40.7 158 83.9 22 170 67.2 713 217 940 186 1660 271 10200 2.34 124 14.7 39 177 949 1300 12100
2130 810 3990 37.4 1110 6950 5610 10.1 8.03 56.7 319 38.1 138 64.9 18.6 138 50.7 577 168 741 140 1180 197 11600 3.39 113 12.2 28.9 154 735 1190 9440
1760 1380 1920 51.3 865 6230 7880 8.98 8.38 42.2 262 30.4 125 69.5 18.1 162 67.9 777 241 1150 218 1920 331 11100 2.45 144 16.5 44 205 1010 1380 13300
318 1910 1290 31.3 155 1750 5970 8.51 7.19 9.71 88.2 8.88 44.4 40.4 8.03 123 52.5 641 194 843 154 1260 197 9170 1.81 130 16.9 38.5 185 630 868 9630
1270 2070 3920 30.3 1080 8000 8890 19.1 1.42 41.6 239 22.9 84.2 58.2 13 163 66.2 729 236 1050 204 1800 323 11500 4.98 188 17.1 42.1 248 1100 2090 13900
2290 1500 3370 40.4 1420 9790 8390 18.7 2.79 93.5 509 55.7 190 90.8 26.7 191 69.1 722 220 984 188 1680 299 10900 4.65 237 25.2 73.1 335 1730 2420 13700
560 473 1560 26.2 890 6030 3270 11 1.42 16.4 115 10.9 46.5 27.8 6.26 64.7 24.1 291 102 483 110 1040 192 11500 2.76 159 21.9 52.3 233 672 1280 5800
566 653 1990 22.6 805 6070 2680 13.5 1.8 15.8 134 9.57 38.7 25.5 5.01 54.1 18.8 205 73.2 377 85.7 774 156 8880 4.69 277 25.7 69.6 372 1300 1880 4660
376 380 1660 20.2 651 4660 2690 7.07 0.85 12.2 106 6.4 26.6 19.3 4.26 55.8 19.5 230 83.1 391 79.8 710 137 8780 2.2 133 15 43 191 747 964 4570
1080 739 1830 42.7 731 5290 5290 13.1 2.34 37.7 267 25.5 102 59.8 14.5 122 41.3 502 165 767 146 1380 245 11000 2.64 164 26.1 69.3 259 818 1460 9160
754 386 2920 12.7 936 7350 2340 12.3 0.98 19.9 121 10.1 43.5 22.6 4.87 46.6 17 199 67.2 345 74.3 735 153 11400 2.99 181 19.3 41.1 242 687 1670 4200
5 3640 508 275 1490 307 8300 2110 6.14 2.81 1.16 46.9 1.04 8.35 10.3 1.32 48 16.2 196 71.1 343 67.1 606 116 11800 2.17 112 13.7 34.4 160 427 565 3640
6 0.62 268 <102 23.2 121 561 1780 5.5 0.23 <0.009 41.6 0.262 3.61 6.76 0.92 42.1 13.3 168 61.3 285 55.1 494 94.9 11000 2.44 122 11.8 29 163 382 510 3050
63.2 386 <131 7.93 44.5 751 1110 5.29 0.33 0.144 29.7 0.202 1.64 3.34 0.599 18.9 7.19 85.6 34.6 178 38.6 375 76.5 8470 2.24 182 17 38.8 238 436 649 1960
3810 212 770 9.49 361 13200 1210 10 0.69 1.3 40.3 0.78 3.34 3.87 1.76 15.2 6.15 84 35.7 204 51.7 554 122 12100 3.44 221 19.7 42.3 283 729 1360 2340
1370 200 1010 13.9 401 5160 1350 12 0.77 6.12 59.5 3.54 16.5 12.9 5.77 33.8 10.9 113 39.8 214 56.3 657 161 12100 3.66 216 19.4 30.8 267 479 1650 2740
1540 326 1240 27.7 455 7310 2430 17.7 2.01 10.8 109 7.42 39.4 32.2 38.7 84 26.4 253 73.3 360 89.1 1040 253 14300 4.24 399 31.7 31.5 462 623 3620 4850
43.4 391 334 5.8 156 1810 2060 20.3 0.46 0.536 81 0.297 4.64 5.75 1.11 35 12.3 162 63.8 327 71.7 651 133 7770 6.99 502 46.7 140 689 1930 2230 3610
33.1 561 206 35.9 72.3 942 2020 8.86 0.51 0.362 31.7 0.545 5.44 11.2 2.71 66 21.2 218 64.4 273 53.8 522 109 10500 3.41 206 20.6 34.2 261 455 897 3400
222 344 <107 11.8 6.49 624 1310 4.34 0.43 0.487 34.9 0.286 3.29 4.85 1.19 30.8 11 121 42.2 202 41.6 356 68.1 9560 1.65 75.9 8.18 18.9 103 245 306 2220
1.46 499 <102 11.8 0.58 <29.3 1260 4.85 0.46 <0.014 36.1 0.132 1.99 5.96 0.697 25.7 8.75 108 40.9 198 38.8 352 69.6 8210 2.04 137 12.9 35 185 370 431 2140
196 243 170 15 1.32 228 540 3.72 0.65 0.476 22.9 0.165 1.97 1.56 0.23 12.1 2.92 43.7 17.3 87.1 18.8 170 35.3 9570 1.63 63.3 6.51 10.2 80 113 249 955
3 4720 309 288 40.5 144 7080 1640 9.99 0.96 3.38 53.6 2.84 15.1 12.4 7.63 42.7 16.9 173 55.1 278 58.5 597 118 11700 3.85 194 16.9 31 242 543 1120 3070
4 2470 891 258 38.1 60 1060 3050 21.9 0.44 4.56 72.7 4.06 25.6 22.8 9.79 91.8 31.3 337 108 464 93.4 867 169 11600 5.46 137 12.4 21.1 170 370 1000 5350
5 1140 461 <104 20.6 8.59 460 1540 5.36 0.21 0.474 31.4 0.562 3.92 7.59 2.29 34.7 12.5 159 52.1 258 51.6 510 96.4 10500 2.31 84.2 8.19 15.8 108 197 356 2760
6 80 407 <127 19.8 3.2 329 1460 1.79 0.24 0.075 25.6 0.148 3.97 6.25 1.17 40.8 10.8 143 47.6 220 40.7 368 68.7 7340 0.68 70 7.67 19.8 97.6 195 209 2440
881 603 572 32.7 271 5600 3710 16.4 0.4 3.62 93.8 4.2 26.9 22.2 8.51 79.4 27.2 328 121 580 123 1130 221 8790 3.4 306 27.5 95 428 1510 1790 6480
653 512 2110 12.9 493 5690 3740 29.3 0.54 9.11 142 3.45 17.8 19.4 6.27 77.8 26.9 315 117 575 118 1090 208 7610 8.61 439 33.9 169 641 3350 3380 6460
636 82.4 343 21.2 148 3560 913 6.86 0.67 5.02 47.4 3.37 16.3 11.6 10.8 23.3 7.74 86.2 28.4 151 38.1 408 98.6 17800 2.09 257 24.4 53.8 335 272 1330 1850
242 255 714 13.6 234 3150 1770 7.53 0.32 3.78 50.3 2.35 10.2 8.43 4.33 34.8 10.5 135 52.1 280 65 665 145 10500 2.68 225 19.9 42.2 287 691 1300 3240
225 241 174 7.99 60.3 883 1340 11.6 0.61 0.96 42.2 0.661 4.61 6.53 1.76 23.1 9.7 105 42 221 48.6 474 95.4 10300 2.84 200 18.4 38.3 256 556 958 2410
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ELECTRONIC APPENDIX C FOR CHAPTER 7 
 
Supplementary C. Figures 
 
Figure S1. Zircon grain from the Charleston granite (A) and an example of mottled areas 
imaged in bright field versus HAADF STEM modes (B, C).  
Figure S2. LA-ICP-MS element maps for Cape Donington zircon.  










Figure S1. (A) BSE image of the Charleston zircon (Foil #6) showing the location of FIB cut 
(yellow rectangle). Abbreviations: Bt-biotite; Chl-chlorite. (B) Dense mottled area imaged in 
both bright field (BF) and (C) HAADF STEM modes (Fig. 8C) to assess presence of inclusions 
versus pores in OD distal zircon (Foil #1). Arrows (brightest in BF and darkest in HAADF 
STEM modes, respectively, shows the likelihood of holes being present. 





Figure S2. Extended LA-ICP-MS element maps for Cape Donington (PL8) zircon (Fig. 2F). 





Figure S3-A. Extended EDS-STEM maps for the Wirrda Well Donington zircon (Foil #4; Fig. 
6). Note weak Ca banding correlating with Fe distribution and the xenotime veinlet depicted 












Figure S3-B. Extended EDS-STEM maps from the OD distal zircon (Foil #1; Fig. 8A and 
C). 






Figure S3-C. EDS-STEM maps of OD distal zircon (Foil #2). Presence of a xenotime veinlet 
and recrystallization of the surrounding mottled area (dashed line) is shown in the maps at the 
top. Chlorine is present as scattered, but nanodomains in the maps below. 








Figure S3-D. Extended EDS-STEM maps from the OD proximal zircon (Foil #3; Fig. 9E-F). 





Figure S3-E. Extended EDS-STEM maps for hematite inclusion in the OD proximal zircon 
(Foil #3; Fig. 9B). Note presence of nanometer-sized inclusions of Mg-Al-silicates (chlorite?) 
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SUPPLEMENTARY MATERIAL G 
FOR CHAPTER 8 – SYNTHESIS OF U-PB 
DOPED HEMATITE USING A 
HYDRATED FERRIC OXIDE 
APPROACH 
APPENDIX A: XRD 
APPENDIX B: LA-ICP-MS TRACE ELEMENT DATA  
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1 24.26 3.665 16325 2.8
2 33.26 2.692 59117 10
3 35.72 2.512 43811 7.4
4 40.94 2.203 13869 2.3
5 49.55 1.838 24252 4.1
6 54.17 1.692 27579 4.7
7 57.69 1.597 5499 0.9
8 62.51 1.485 19556 3.3
9 64.07 1.452 17596 3.0
10 72.05 1.310 5420 0.9
1 24.33 3.656 14577 2.5
2 33.34 2.686 58648 10
3 35.80 2.506 44008 7.5
4 41.03 2.198 13512 2.3
5 49.63 1.835 23208 4.0
6 54.23 1.690 29181 5.0
7 57.78 1.594 5579 1.0
8 62.59 1.483 18322 3.1
9 64.14 1.451 18195 3.1
10 72.11 1.309 6446 1.1
1 24.40 3.645 9962 2.2
2 33.44 2.678 45948 10
3 35.89 2.500 33121 7.2
4 41.12 2.193 11739 2.6
5 49.72 1.832 21610 4.7
6 54.32 1.688 27702 6.0
7 57.86 1.592 5276 1.1
8 62.66 1.481 18599 4.0
9 64.22 1.449 18228 4.0
10 72.19 1.308 5647 1.2
1 24.19 3.677 14147 2.6
2 33.21 2.696 54637 10
3 35.66 2.516 39643 7.3
4 40.89 2.205 13299 2.4
5 49.50 1.840 21707 4.0
6 54.11 1.694 27198 5.0
7 57.64 1.598 5082 0.9
8 62.46 1.486 18085 3.3
9 64.03 1.453 17630 3.2
10 71.99 1.311 5901 1.1









FIGURE1. X-RAY POWDER DIFFRACTION OF HFO 
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ELECTRONIC APPENDIX C FOR CHAPTER 8
Sample Spot Number 207Pb/235U  2SE  206Pb/238U 2SE Error Correlation SampleSpot Number207Pb/235U  2SE  206Pb/238U 2SE Error Correlation SampleSpot Number207Pb/235U  2SE  206Pb/238U 2SEError CorrelationSampleSpot Number207Pb/235U  2SE  206Pb/238U 2SEError Correlation
1 22.48 0.57 0.1767 0.0046 0.95148 1 14.54 0.55 0.1142 0.0043 0.9568 1 17.68 0.62 0.1389 0.0047 0.90036 1 14.25 0.16 0.1115 0.0013 0.83628
2 20.62 0.56 0.1635 0.0043 0.9708 2 15.06 0.36 0.1186 0.0029 0.88731 2 14.97 0.34 0.1196 0.0028 0.89483 2 13.87 0.22 0.1083 0.0019 0.90319
3 17.91 0.76 0.1423 0.0063 0.9688 3 13.4 0.38 0.1041 0.0029 0.95604 3 19.12 0.88 0.1513 0.0068 0.95656 3 15.98 0.21 0.1247 0.0016 0.8674
4 19.6 1 0.1527 0.0081 0.98364 4 15.15 0.21 0.1192 0.0017 0.82357 4 15.35 0.44 0.1213 0.0032 0.91098 4 15.76 0.33 0.1227 0.0024 0.94989
5 23.59 0.55 0.1849 0.0044 0.94875 5 14.54 0.25 0.1151 0.0018 0.83037 5 15.94 0.68 0.1247 0.0048 0.96946 5 17.23 0.37 0.1339 0.0028 0.92751
6 26.03 0.76 0.2043 0.0061 0.96446 6 15.99 0.28 0.1253 0.0021 0.86812 6 17.53 0.41 0.1392 0.0033 0.93895 6 13.93 0.55 0.1192 0.0049 0.99161
7 16.35 0.63 0.1283 0.005 0.97602 7 24.67 0.93 0.1934 0.0071 0.9758 7 15.98 0.39 0.1251 0.003 0.91912 7 15.74 0.42 0.124 0.0034 0.97595
8 19.67 0.59 0.1529 0.0044 0.94735 8 16.68 0.72 0.1303 0.0054 0.97398 8 13.87 0.17 0.1087 0.0015 0.59007 8 15.98 0.33 0.1263 0.0026 0.94556
9 14.76 0.51 0.1169 0.0041 0.96438 9 18.91 0.74 0.1472 0.0056 0.95817 9 15.29 0.21 0.1211 0.0014 0.73566 9 16.13 0.33 0.1272 0.0026 0.94608
10 15.29 0.23 0.1204 0.0017 0.80964 10 14.75 0.45 0.1192 0.0045 0.96409 10 13.51 0.38 0.1053 0.0029 0.84901 10 15.86 0.62 0.1234 0.0047 0.98651
11 15.16 0.29 0.1192 0.0022 0.90033 11 15.62 0.46 0.1245 0.0036 0.95605 11 16.32 0.63 0.1316 0.0055 0.92118 11 16.79 0.26 0.1295 0.0021 0.56154
12 14.7 0.29 0.1158 0.0022 0.87954 12 16.17 0.29 0.1262 0.0025 0.90255 12 19.04 0.9 0.1481 0.0068 0.86124 12 16.5 0.31 0.131 0.0029 0.21176
13 14.41 0.21 0.113 0.0018 0.82468 13 15.37 0.23 0.1206 0.0017 0.87368 13 17.64 0.42 0.1365 0.0038 0.38445 13 15.18 0.28 0.1181 0.0022 0.48339
14 14.61 0.39 0.1142 0.0028 0.92844 14 16.81 0.32 0.1317 0.0028 0.90265 14 16.14 0.58 0.1276 0.0047 0.26168 14 16.51 0.29 0.1305 0.0023 0.68734
15 15.11 0.32 0.1189 0.0026 0.91622 15 16.81 0.49 0.1343 0.0045 0.97204 15 15.78 0.54 0.1243 0.0042 0.19815 15 17.01 0.38 0.1323 0.0026 0.77527
16 14.6 0.28 0.1148 0.0024 0.87934 16 15.28 0.29 0.1201 0.0022 0.85674 16 15.84 0.46 0.1237 0.0038 0.42178 1 34.64 0.45 0.2693 0.0031 0.8842
17 15.49 0.27 0.1222 0.002 0.90779 17 14.92 0.61 0.1177 0.0052 0.98029 17 16.05 0.69 0.1265 0.0046 0.38914 2 33.16 0.51 0.2592 0.0044 0.88689
18 14.77 0.32 0.1171 0.0023 0.86655 18 14.64 0.18 0.1155 0.0015 0.82127 18 19.37 0.53 0.15 0.004 0.42653 3 32.05 0.49 0.2488 0.0037 0.81799
19 15.1 0.25 0.1186 0.0022 0.8637 19 14.73 0.21 0.1145 0.0018 0.8399 19 19.61 0.85 0.1531 0.0062 0.38673 4 41.12 0.66 0.3226 0.0052 0.92113
20 20 1.4 0.161 0.011 0.98625 20 16.89 0.55 0.1332 0.0045 0.96018 20 14.38 0.27 0.1136 0.0021 0.87647 5 32.79 0.62 0.2538 0.0047 0.93336
21 15.04 0.25 0.1184 0.0019 0.84063 21 12.37 0.3 0.1064 0.0026 0.9354 21 14.66 0.18 0.1145 0.0015 0.70487 6 35 0.5 0.2744 0.0044 0.78853
22 15.79 0.23 0.1218 0.0019 0.86262 22 16.42 0.64 0.1285 0.0048 0.94897 22 14.95 0.27 0.1174 0.0021 0.85406 7 36.89 0.8 0.2898 0.0063 0.96611
23 12.57 0.47 0.1 0.0039 0.96045 23 17.71 0.82 0.1399 0.0069 0.98016 23 16.12 0.49 0.1273 0.004 0.96105 8 33.27 0.58 0.2607 0.005 0.88047
24 11.41 0.29 0.09 0.0022 0.93392 24 18.05 0.61 0.1417 0.0048 0.94944 24 16.48 0.36 0.1307 0.0032 0.94536 9 34.28 0.52 0.2651 0.0036 0.8391
25 14.62 0.29 0.1159 0.0021 0.88965 25 16.97 0.34 0.132 0.0026 0.92008 25 17.13 0.45 0.1338 0.0033 0.95037 10 34.89 0.69 0.2746 0.0056 0.7599
26 14.1 0.3 0.1119 0.0026 0.92842 26 13.49 0.23 0.1059 0.0018 0.87079 26 16.54 0.33 0.1281 0.0026 0.88473 11 33.76 0.72 0.2637 0.0055 0.83087
27 19.56 0.81 0.1535 0.0063 0.97888 27 13.52 0.4 0.1065 0.0034 0.9388 27 13.84 0.53 0.1097 0.0042 0.9639 12 32.49 0.5 0.2547 0.004 0.86354
28 19.02 0.87 0.1505 0.0072 0.97349 28 19.77 0.69 0.1549 0.0054 0.94291 28 14.94 0.36 0.1174 0.0025 0.90709 13 33.92 0.46 0.2635 0.0029 0.74253
1 15.57 0.37 0.1229 0.0027 0.91575 29 14.11 0.41 0.1107 0.0032 0.92004 29 14.22 0.42 0.113 0.0034 0.92213
2 18.04 0.66 0.1396 0.0047 0.96631 1 20.23 0.21 0.1594 0.0016 0.94155 30 15.72 0.53 0.1254 0.0042 0.96192
3 19.93 0.69 0.1577 0.0057 0.93644 2 20.74 0.22 0.163 0.0017 0.95226 HFO A 1 16.19 0.43 0.1242 0.0034 0.82907
4 20.51 0.94 0.1601 0.0068 0.95923 3 21.04 0.29 0.1647 0.0021 0.96793 2 15 0.34 0.1168 0.0026 0.87777
5 22.26 0.92 0.1756 0.0069 0.95587 4 24.29 0.52 0.1904 0.0039 0.99231 3 24.8 1.9 0.194 0.014 0.98867
6 19.37 0.68 0.1505 0.0047 0.9513 5 23.29 0.5 0.1826 0.0037 0.98755 4 16.67 0.64 0.1284 0.0048 0.903
7 20.3 1.1 0.1607 0.0093 0.96385 6 22.41 0.46 0.1755 0.0034 0.99032 5 20.47 0.75 0.1622 0.0063 0.73318
8 18.15 0.62 0.1414 0.0046 0.96331 7 20.33 0.22 0.1604 0.0017 0.97267 6 20.14 0.69 0.1571 0.0056 0.56105
9 18.55 0.73 0.1462 0.0059 0.958 8 20.4 0.21 0.161 0.0018 0.9617 7 21.21 0.93 0.1658 0.0074 0.86417
10 15.93 0.26 0.1241 0.002 0.81863 9 22.42 0.35 0.1755 0.0025 0.96736 8 17.43 0.71 0.138 0.0059 0.86266
11 16.32 0.3 0.1288 0.0024 0.90075 10 23.32 0.27 0.183 0.0021 0.96882 9 19.41 0.59 0.1529 0.0044 0.73736
12 15.95 0.32 0.1265 0.0027 0.8894 10 18.82 0.48 0.1464 0.0033 0.81625
13 19.53 0.46 0.1545 0.0038 0.94015 11 16.63 0.64 0.1291 0.005 0.94682
14 23.42 0.97 0.1841 0.0076 0.95487 12 15.35 0.43 0.1217 0.0035 0.92183
15 19.37 0.88 0.1532 0.0068 0.96604 13 17.21 0.41 0.1361 0.0033 0.94136
16 19.53 0.72 0.1556 0.006 0.94538 14 14.99 0.2 0.1189 0.0015 0.77297
17 19.56 0.53 0.1536 0.0038 0.89629 15 13.71 0.21 0.108 0.0017 0.79366
18 20.36 0.81 0.1553 0.006 0.73423 16 14.24 0.24 0.1118 0.0021 0.85397
19 19.4 0.98 0.153 0.0075 0.98015 17 15.2 0.3 0.1188 0.0025 0.83838
20 16.12 0.21 0.1271 0.0017 0.73346 18 15.13 0.41 0.1182 0.0035 0.92238
21 16.31 0.31 0.1287 0.0024 0.8177 19 16.91 0.68 0.1333 0.0054 0.98113
22 17.99 0.41 0.1399 0.0029 0.90719 20 14.62 0.32 0.1157 0.0024 0.91061
23 22 1.3 0.1727 0.0095 0.97927 21 17.34 0.75 0.1359 0.0059 0.88633
24 24.1 1.3 0.1871 0.0098 0.97072 22 19.11 0.68 0.1508 0.0057 0.8874
25 20.61 0.76 0.1604 0.0058 0.95648 23 19.53 0.53 0.1563 0.0041 0.71884
26 20.9 0.95 0.1624 0.0067 0.97095 24 26.7 2.1 0.207 0.016 0.97242
27 19.12 0.65 0.1499 0.0051 0.93615 25 19.2 1 0.1523 0.0082 0.92434
28 31.3 2.7 0.247 0.021 0.99026 26 15.8 0.5 0.1223 0.0042 0.91838
29 20.13 0.86 0.1587 0.0067 0.96322 27 12.17 0.44 0.1038 0.0035 0.96325






LA-ICP-MS geochronological data for all reported samples
HFO 4.1
HFO 4.2
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204Pb 206Pb 238/206-207/206 238/206-204/206 207/206-204/206
1 15.424 0.14 0.122 0.12 8.171 0.12 0.914 0.08 16.727 0.14 0.060 0.14 -0.67 0.76 -1.15
2 15.323 0.13 0.122 0.10 8.172 0.10 0.909 0.08 17.058 0.17 0.059 0.17 -0.76 0.74 -0.94
3 15.337 0.12 0.121 0.09 8.232 0.09 0.916 0.08 16.904 0.16 0.059 0.16 -0.85 0.86 -1.02
4 14.336 0.35 0.113 0.29 8.866 0.29 0.922 0.20 16.765 0.31 0.060 0.31 -0.11 0.14 -0.20
5 13.147 0.12 0.104 0.09 9.643 0.09 0.920 0.08 16.834 0.16 0.059 0.16 -0.86 0.85 -0.98
1 15.446 0.16 0.122 0.14 8.173 0.14 0.916 0.08 16.840 0.16 0.059 0.16 -0.46 0.63 -0.99
2 15.532 0.21 0.123 0.19 8.155 0.19 0.919 0.08 16.789 0.16 0.060 0.16 -0.21 0.52 -0.96
3 15.554 0.14 0.123 0.11 8.128 0.11 0.917 0.08 16.844 0.16 0.059 0.16 -0.68 0.77 -1.00
1 15.435 0.14 0.122 0.12 8.205 0.12 0.919 0.08 16.788 0.16 0.060 0.16 -0.62 0.73 -1.00
2 15.548 0.23 0.123 0.21 8.135 0.21 0.918 0.07 16.679 0.16 0.060 0.16 -0.22 0.46 -1.09
1 15.631 0.16 0.124 0.14 8.074 0.14 0.916 0.08 16.786 0.15 0.060 0.15 -0.49 0.65 -1.03
2 15.366 0.17 0.121 0.15 8.250 0.15 0.920 0.08 16.786 0.16 0.060 0.16 -0.47 0.57 -1.00
3 15.168 0.19 0.120 0.17 8.358 0.17 0.920 0.08 16.793 0.15 0.060 0.15 -0.32 0.56 -1.04
1 14.808 0.17 0.117 0.15 8.559 0.15 0.920 0.09 16.809 0.16 0.059 0.16 -0.36 0.58 -0.88
2 14.713 0.18 0.116 0.16 8.618 0.16 0.920 0.09 16.829 0.16 0.059 0.16 -0.32 0.55 -0.85






HFO Chip Aliquot % err
ID-TIMS Sample (Radiogenic + Initial Pb) Isotope Ratios
% err % err % err % err % err
238U 206Pb corr. coef. 235U 207Pb corr. coef.
204Pb 204Pb 8/4-6/4 204Pb 204Pb 5/4-7/4
136.673 0.093 16.727 0.141 0.538 0.992 0.093 15.296 0.227 0.637
139.394 0.116 17.058 0.169 0.797 1.011 0.116 15.498 0.246 0.772
139.162 0.091 16.904 0.158 0.845 1.010 0.091 15.487 0.238 0.857
148.644 0.390 16.765 0.306 0.677 1.079 0.390 15.463 0.401 0.558
162.325 0.097 16.834 0.163 0.867 1.178 0.097 15.485 0.242 0.859
137.638 0.128 16.840 0.158 0.550 0.999 0.128 15.425 0.238 0.610
136.907 0.170 16.789 0.156 0.338 0.993 0.170 15.429 0.237 0.450
136.915 0.102 16.844 0.158 0.729 0.993 0.102 15.452 0.238 0.762
137.744 0.107 16.788 0.157 0.681 0.999 0.107 15.426 0.238 0.721
135.685 0.200 16.679 0.159 0.307 0.985 0.200 15.307 0.235 0.401
135.529 0.121 16.786 0.149 0.486 0.983 0.121 15.371 0.233 0.563
138.479 0.143 16.786 0.158 0.510 1.005 0.143 15.440 0.238 0.543
140.349 0.152 16.793 0.150 0.354 1.018 0.152 15.447 0.233 0.458
143.866 0.144 16.809 0.163 0.532 1.044 0.144 15.458 0.244 0.579
145.031 0.152 16.829 0.164 0.506 1.052 0.152 15.483 0.245 0.552
134.091 0.126 16.786 0.141 0.341 0.973 0.126 15.007 0.227 0.463
% err% err% err % err
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The iron-oxide-Cu-Au (IOCG) deposit at Olympic Dam (OD), South Australia, is the largest U resource 
under exploitation. Located within the ~1.6 Ga Gawler Silicic Large Igneous Province, the deposit is 
entirely contained within the Olympic Dam Breccia Complex, hosted and dominantly derived from 
the enclosing Roxby Downs Granite. The magmatic system at OD has been well constrained to ~1593 
Ma, however, dating of hydrothermal mineralization has so far yielded low-resolution dates broadly 
coeval with the magmatism. Hematite (α-Fe2O3) is a common Fe-oxide and ubiquitous phase in IOCG 
deposits. U-bearing hematite at OD may provide high precision U-Pb data if the U-Pb system has 




Oscillatory-zoning with respect to U in mineral geochronometers requires nanoscale assessment as 
such patterns may reflect an overprinting event. Addition/loss of elements (open system 
behaviour) disturb isotopic ratios used for U-Pb systematics. 207Pb/206Pb isotope mapping of coarse 
hematite from the Olympic Dam deposit, South Australia, shows ~1.6 Ga age homogeneity across 
oscillatory-zoned, U-bearing domains. ID-TIMS analysis carried out on material microsampled from 
one such grain, up to ~1 mm apart, give approximately identical 207Pb/206Pb ages (unpublished 
data). To asses open or closed system behaviour for U-Pb systematics, the same grain was 
chemically mapped prior to HAAD-STEM studies carried-out on a FIB-prepared foil cut across U 
bands. The sample is free of inclusions and atomic resolution imaging shows crystallinity with no 
lattice damage induced by α-decay. We conclude such grains preserve a near closed system from 
crystallization at ~1.6 Ga.
Uranium-bearing, oscillatory-zoned hematite: assessing 
closed system behaviour and U-Pb systematics 
Liam Courtney-Davies1*, Cristiana L. Ciobanu1, Nigel J. Cook1, Simon R. Tapster2, Daniel J. Condon2, Allen K. Kennedy3 and Kathy 
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We conclude that the sample is not affected by overprint as it is free of 
inclusions and shows crystallinity with no lattice damage induced by α-
decay, all concordant with  closed-system behavior with respect to U-Pb 
isotopes. The sample differs however with respect to development of long 
range superstructures as shown by [1] for oscillatory zoned hematite with U 
concentration an order of magnitude higher than the present sample.
[1] Ciobanu, C.L. et al. (2013). Uranium-bearing hematite from the Olympic Dam Cu–
U–Au deposit, South Australia: A geochemical tracer and reconnaissance Pb–Pb 
geochronometer. Precambrian Research. 238,129-14
Figure 3. ID-TIMS hematite results; grain 2  data comes from the previously 
described grain in figures 1 and 2. The 207Pb/206Pb age of 1589.91 ± 0.94 Ma 
is calculated for the five aliquots from 2 large grains. Data points with the 
lowest uncertainties, as seen from the isotope map in Fig. 1 contain the 
highest U (up to 1500 ppm). One point (number 2) plots reversely 
discordant because off excess Pb and is attributed to diffusional processes.
Figure 2. micro-sampling of 
grains in-situ for ID-TIMS. 
Ablation of trenches to 
form ~100 x 100 µm squares 
within polished blocks 
a l l o w s e x t r a c t i o n o f 
predefined areas. The 
white numbers in A match 
with data points in Figure 
3.
FIB Cut
Figure 4. HAADF-STEM images showing hematite in the analysed foil (a) is 
clear of inclusions. (b-c) Hematite tilted on different zone axes as marked 
and shown by FFTs (insets) displays crystallinity and lacks lattice-scale 
defects. It shows however, superstructuring (arrowed on [d]. Satellite 
reflections are arrowed on (b) and marked as yellow circles on (d). The 
atomic structure shows Fe as bright atoms as seen from analogy with crystal 
structure models. 
Hematite has proven to be a remarkably robust mineral 
geochronometer when combining analytical techniques. The ages 
reported here are currently the best indicator for earliest 
hydrothermal activity at Olympic Dam with demonstrated 
reproducibility of results. It is likely that U-Pb hematite 
geochronology has far reaching application in many other ore deposits 
classes, including banded iron formations. However, integration of 
multiple analytical techniques should be considered when targeting 
accurate hematite ages.
Figure 1. LA-ICP-MS U-Pb mapping. A; BSE image in high contrast revealing oscillatory zonation patterns 
enriched in U-Sn-W-Mo. B; U concertation map (scale: counts-per-second, 10n).C; 206Pb/238U isotope map 
(scale in Ma). Map B and C display a sharp divide between the left and right of the grain.





A single hematite grain containing up to 2,000 ppm U was first isotopically mapped by LA-ICP-MS to 
define homogeneous U-Pb domains (Fig. 1). The domains defined as U-rich, inclusions free and 
suitable to high precision dating were extracted for ID-TIMS analyses (Fig 2). 
The same grain of Olympic Dam oscillatory-zoned hematite  was analysed by the following 3 
methods:  
1. Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) U-Pb Mapping 2. 
Isotope Dilution-Thermal Ionization Mass Spectrometry (ID-TIMS) (British Geological Survey, UK) and 
3: Transmission Electron Microscopy  (TEM) on a foil prepared by Focused Ion Beam (FIB) using a FEI 
Helios Nanolab 600 DualBeamTM  platform. High-angle angular dark field scanning transmission 
electron microscopy (HAADF-STEM) imaging was performed on an ultra-high resolution, probe-
corrected, FEI Titan Themis S/TEM operated at 200 kV. Analysis (1) and (3) were performed at 
Adelaide Microscopy (University of Adelaide). 
U-Pb ID-TIMS dating was performed on 5 aliquots from two coarse grains from the same sample 
(Fig. 3). These yielded a 207Pb/206Pb age of 1589.91 ± 0.94 Ma, and an agreeable upper intercept 
age. Data points with the lowest uncertainties, which were pinpointed by isotope mapping, 
contain the highest U, up to 1,500 ppm. One point plots reversely discordant because off excess 
Pb. This may be due to diffusional processes. The data for the grain studied here is shown as 
points 3-5 corresponding to grain 2 on Figure 3.  
In order to check the U-rich domains at the nanoscale a TEM foil was prepared using in situ FIB 
slicing across the zoning with highest U concentrations (Fig. 1A). HAADF STEM imaging across the 
foil shows faint banding and no discrete U- or Pb-inclusions (Fig. 4a). The specimen shows the 
same orientation throughout the foil when tilted on different zone axes. HAADF STEM imaging of 
hematite on [2-21] and [0-21] shows no lattice scale defects but satellite reflections are present in 
parts of the foils [Fig. 4b-d and Fast Fourier Transform (FFT) as insets]. These indicate doubling of 
distances on (012)* or (102*) lattice vectors (FFT in Fig. 4b). HAADF STEM images also show 
development of weak superstructuring in some areas (arrowed, Fig. 4d). Atom scale imaging shows 
the distribution of Fe in hematite on [2-21] and [0-21] zone axes is concordant with crystal 
structure models on these orientations (Fig. 4e, f).
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U-Pb dating of the common iron-oxide, hematite (α-Fe2O3) by laser-ablation 
inductively-coupled plasma-mass spectrometry allows unparalleled insights into the 
genesis of mineral deposits. The full potential of the method has previously been 
negatively impacted by the lack of suitable matrix-matched standards. We report an 
approach in which a mixed U/Pb solution and laser-ablation aerosol was mixed in a 
nebulizer chamber and simultaneously introduced to the ICP. The method utilizes 
99.99% hematite, blank and standard solutions (2% HNO3). The standard solution 
contains fixed U- and Pb-isotope ratios calibrated independently. To achieve matrix-
matching, pure hematite is ablated and mixed with the standard solution. When 
measuring unknowns, the blank solution is introduced into the ICP simultaneously to 
ensure matrix-matching. This matrix-matched standard is extremely homogeneous 
relative to other solid reference materials. 
An advantage of the method is that the U-Pb concentration and isotope ratio of 
solution can be adjusted to approximate that in the unknown. The method is thus 
efficient for hematite containing U from low (~10 ppm), to high (>1 wt.%) 
concentrations - difficult to be achieved with solid standards. The 
ionization efficiency of U and Pb increased fourfold after introduction of 
the solution, inferring that the method is suitable for low-U samples. Using the 
solution method we obtain ages that overlap statistically with those obtained using 
the GJ-1 zircon standard for a variety of hematite samples from South Australia and 
elsewhere. The matrix-matched solution method is suitable for dating iron-oxide 
deposits worldwide. 
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The common iron-oxides (magnetite and hematite) can incorporate >30 different trace elements into 
their crystal lattices at concentrations readily measurable by LA-ICP-MS. Coupled with their refractory 
character allowing preservation of primary signatures, this makes them attractive targets for systematic 
geochemical fingerprinting. The distinct trace element signatures in oxides of different provenance and 
age can be used to support development of genetic and space-time evolution models. South Australia 
(SA) hosts a broad variety of iron deposits (Archean to Neoproterozoic), including BIF-style and 
reworked, redeposited sub-types, in some instances overprinted during tectonothermal events. Iron 
oxides are also the dominant component of giant Mesoproterozoic iron oxide copper-gold (IOCG) 
systems such as Olympic Dam (OD). Anomalously high-concentrations of rare earth elements and Y 
(collectively, REY) and the elements U, W, Sn and Mo (‘granitophile’ elements), as well as distinct 
variation in chondrite-normalised REY-fractionation trends are measured in hematite from different 
parts of the OD orebody and immediately adjacent [1]. In combination with preliminary U-Pb dating of 
Fe-oxides, these trace element patterns help define space-time evolution of Fe-oxides, from deep (early; 
~1.6 Ga) to shallow (late; ~1.4-1.2 Ga) parts of the OD breccia complex. Fe-oxide geochemistry also 
assists recognition of older (~1.8-1.75 Ga), inherited BIF-type protoliths on the margins of the deposit 
[2]. These older blocks are interpreted to have been encapsulated within the ~1.6 Ga Roxby Downs 
Granite, hosting OD mineralisation. Younger (~0.8 Ga) ages are obtained from dating accessory minerals 
in post-magmatic magnetite-apatite assemblages within mafic intrusions [3]. Data for BIF-style systems 
in SA show that Fe-oxides from different ore types have subtle differences in geochemical signatures in a 
given orefield and/or orebody (Keyser et al. this conference). In particular, an increase in ΣREY budget 
and changes in REY fractionation trends are associated with replacement processes between Fe-oxides 
or of Fe-oxides by Fe-hydroxides. Although hematite from some BIFs contains measurable U and W, 
hydrothermal Fe-oxides from IOCG systems show the highest content of ‘granitophile’ elements, e.g. 
hematite displaying oscillatory zonation where either U or W can reach concentrations up to few wt.% 
[1, 4]. 
 
High-U hematite from OD was used as a Pb-Pb geochronometer [4] to give ages of 1590±8 and 1577±5 
Ma via LA-ICP-MS using GJ-1 zircon as a primary standard. An iron-oxide matrix-matched standard is 
required if the method is to be routinely applied to estimate the timing and duration of mineralising 
events. Such work is in progress and employs ID-TIMS analysis to measure absolute U/Pb isotopic values 
on homogeneous areas in grains pre-assessed by SHRIMP and extracted using a micro-drill. The 
reliability of Fe-oxides as a versatile tool for geochemical fingerprinting/ geochronology depends upon 
understanding the mechanisms of trace element incorporation/ release. Transmission Electron 
Microscopy (TEM) and scanning-TEM imaging using the ultra-high-resolution FEI Titan Themis TEM 





(Adelaide Microscopy) to evaluate high-U and high-W hematites shows differences in their 
superstructure domains and nanoscale characteristics. This suggests W substitution into oxygen sites, 
which may be a more robust mechanism for trace element incorporation than direct metal-for-metal 
substitution previously proposed for high-U hematite [4]. 
References 
[1] Ciobanu et al. (2015) Proceedings, 13th Biennial SGA Meeting, Nancy, France, p. 1071-1074. 
[2] Ciobanu et al. (2015) Abstract, SEG Conference, Hobart. 
[3] Apukthina et al. (2016) Contrib Mineral Petrol 171 (2): DOI 10.1007/s00410-015-1215-7. 
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Peninsula (Conor et al. 2010; Ismail et al. 2014). Thick 
(~500 m) sequences of interbedded garnet skarn and 
banded calc-silicate-feldspar rocks are intersected between 
the Gawler Range Volcanics and Donington Granite in 
drillholes (e.g. SAR9) west of the Punt Hill area, where 
meter-scale intervals rich in iron oxides with a BIF-like 
appearance also occur as horizons within the skarn in 
SAR9. Mineralization within prospects hosted by the WG 
are dated at ~1.6 Ma, e.g. Sm-Nd dating of pyroxene-
garnet skarn at Groundhog (Reid et al. 2011), or accessory 
minerals elsewhere (Skirrow et al. 2007).
Figure 1. Basement geological map of the middle part of the 
Olympic Cu-Au Province, S.A., showing the location of the 
Island Dam Cu prospect, the Olympic Dam deposit and 
surrounding prospects (diamonds). AFZ-Andamooka Fault Zone; 
TDF-Todd Dams Fault. Inset location within S.A. (black) Map 
sourced from https://map.sarig.sa.gov.au/. 
3 Approach and methodology 
Samples were collected from 10 drillcores within and 
surrounding magnetically anomalous domains in the Island 
Dam area. While some cores contain recognizable BIF-like 
lithologies (e.g. Fig. 2a), others intersect granites 
underlying the metasedimentary rocks. In most cases the 
lithologies consist of rock packages that are either strongly 
altered (chloritized), or display banding with green and 
pink-reddish colors as for those mentioned above for WG 
rocks, with skarn alteration (Fig. 2b), and in which 
magnetite banding can also occur (Fig. 2c). A spectacular 
specimen displays coarse, cm- to dm-sized lamellar 
aggregates of specular hematite filling vugs or short veins 
in association with carbonates (calcite and/or siderite) 
(Fig. 2d). Development of cavities where mineral growth 
can reach coarse crystals is always a feature of skarns, 
either during prograde or retrograde stages. Chalcopyrite 
and pyrite occur as disseminations and small pockets 
throughout all lithologies, but are most abundant in the 
most intensely altered rocks (late carbonates + quartz). 
This study focuses on a selection of ~25 samples 
containing iron oxides from lithologies with BIF and WG-
like appearance, as well as several specimens of specular 
hematite. Polished blocks were analyzed using scanning 
electron microscopy in back-scatter electron mode (BSE), 
and laser ablation inductively-coupled plasma mass 
spectrometry (LA-ICP-MS) for trace elements using 
BHVO-2G, GSD-1G and NIST610 as reference standards. 
All instrumentation is housed at Adelaide Microscopy, The 
University of Adelaide. 
4 Results 
Distinct generations of iron oxides within the two main 
lithologies of interest here, BIFs and skarns, are 
recognized based on textural and compositional 
variations. Iron oxides within the BIFs are dominantly a 
martite, readily recognizable from granular shapes, 
inclusions of magnetite, and often the presence of 
acicular-shaped mineral relicts that are marked by fine-
grained chlorite within the martite mass (Fig. 3a) and 
could represent original actinolite grains. 
Figure 2. Hand specimen photographs showing characteristic 
BIF and skarn lithologies discussed in the text. a BIF (martite-
carbonate-quartz banded rock). b Actinolite-magnetite skarn. 
c Rhythmic magnetite banding in altered skarn. d Coarse 
specular hematite in altered skarn. 
Quartz, carbonates (mainly siderite) and chlorite are 
abundant gangue minerals in the BIFs. There is clear 
evidence for K-Fe alteration as 10-20 μm K-feldspar grains 
rimmed by film-like hematite within quartz (Fig. 3b). 
What we refer here to as skarn is recognized by the 
presence of actinolite (Fig. 4a), phlogopite, magnetite, 
apatite, titanite, calcite, fluorite and tourmaline, lending the 
rocks a green color with patchy alteration domains that 
may display banding (Fig. 2b, c). Massive or banded 
actinolite skarn varieties are progressively altered, 
Mineral Resources to Discover - 14th SGA Biennial Meeting 2017, Volume 3936
 CHAPTER 11:      SUPPLEMENTARY AND ADDITIONAL MATERIAL 
 
374 
particularly by pseudomorphic replacement during the 
retrograde skarn stage. 
Figure 3. BSE images a. martite (Mrt) in BIF. Note hematite 
replacing a previous lath-shaped mineral with contours marked 
by chlorite (Chl). b K-feldspar (Kfs) with a film of hematite 
around the margin as inclusions within quartz (Qz). 
In contrast to martite from the BIF, euhedral magnetite 
in the actinolite skarn displays oscillatory zoning with 
respect to Si and Ca, and may contain inclusions of quartz, 
calcite and chlorite (Fig. 4b). Thin lamellar aggregates of 
hematite are also noted. In the actinolite skarn there are 
numerous pseudomorphs of rutile + calcite after coarse, 
lozenge-shaped titanite. In detail, the rutile also shows tiny 
inclusions of scheelite at the boundaries between W-poor 
cores and W-richer rims. 
Figure 4. BSE images from amphibole-magnetite (skarn) 
lithologies showing a actinolite (Act) with Fe-rich (bright) 
domains. b Si- and Ca- (dark and bright) zoned magnetite (Mt). c 
and d BSE image and LA-ICP-MS element map showing W-
zonation in coarse-grained Hm. Scale: parts per million (x103). 
A close relationship between hematite and sulfides is 
seen in samples from altered skarn and/or of BIF 
affiliation. The majority of iron oxides are represented by 
aggregates comprising martite-magnetite intergrowths with 
irregular and/or scalloped mutual boundaries.  
Sulfides, chalcopyrite, pyrite, and minor bornite occur 
as patches throughout carbonate + quartz + chlorite 
assemblages interstitial to the iron oxides, as well as 
hosted along the aforementioned magnetite margins. A 
distinct generation of hematite, occurring as small 
lamellae, occurs within areas of sulphides. This hematite 
also displays zonation with respect to W. The coarse-
grained (as large as 4 cm) specular hematite (Fig. 2d), 
features polysynthetic twinning as well as strong zonation 
with respect to W. This is expressed as W-rich and -poor 
sectors along the lamellae as shown by the LA-ICP-MS 
map for W (Fig. 4c, d). There are also various overprinting 
aspects marked by W depletion, either along grain 
boundaries (as in Fig. 4d) or within brecciation domains in 
other samples.  
The existing trace element dataset for magnetite is 
small and will not be discussed here; only that for hematite 
is presented. Martite, representing BIF mineralization, and 
the coarse lamellar hematite within amphibole-magnetite 
assemblages show distinct differences (Fig. 5). 
Figure 5. Binary plots of As vs. Sb (top left), Ni vs. Co (top 
right), U vs. W (lower left) and Sn vs. W (lower right) showing 
discriminant fields of hematite in Island Dam. CG-Hm - coarse-
grained hematite. 
Chalcophile elements, As and Sb, (average 39 and 9 
ppm, respectively) and transition metals such as Ni, Co and 
Mn, are higher (tens of ppm) in martite than in coarse-
grained hematite. Uranium concentrations in martite 
average 6 ppm. In contrast, coarse-grained hematite 
contains higher concentrations of high-field strength 
elements (HFSE), such as Sc and Nb, than martite. Most 
interestingly, coarse-grained hematite features a high Sn 
content (average 240 ppm), and still higher (several 
thousands of ppm) concentrations of W. In addition to its 
enrichment in hematite, W is also present in zoned rutile 
and as inclusions of scheelite, and sometimes in hematite. 
Martite contains higher ΣREE and Y (ΣREY) than coarse-
grained hematite (means 2.6 and 0.38 ppm, respectively). 
Chondrite-normalized REY fractionation patterns for 
distinct hematite textures (Fig. 6) also differ. Martite is 
enriched in LREE relative to HREE whereas coarse-
SY03 – IOCG-IOA ore systems and their magmatic-hydrothermal continuum: A family reunion? 937
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In the last decade, the rapid technological advancement of micro- and nano-imaging and 
analytical techniques has transformed the field of ore mineralogy. The increasing spatial 
resolution and limit of detection of these techniques has allowed the physical and chemical 
signature of the minerals to be determined that would otherwise have been impossible in the 
not too distant past. The technological advancement of these techniques has met with a 
concurrent change to the way we approach analytical mineralogy. Increases in the sensitivity 
of analytical instruments now allows critical petrogenetic trace chemical data to be obtained 
from minerals that were otherwise impossible to analyse quantitatively with microbeam 
techniques. In-situ nanoscale imaging and analytical characterisation is becoming an 
increasingly important field for understanding how the chemical signatures we measure at the 
micron-scale are distributed at the atomic level within the mineral. A complementary and 
crucial aspect of these imaging and analytical techniques has been the development of new 
geochronometers such as the U-Pb hematite geochronometer, allowing for important temporal 
information to be assigned to observable chemical changes. As a result, there is an increasing 
recognition that a holistic approach, encompassing both ore minerals and gangue, and across 
all spatial scales, is necessary. In the context of the ore deposit that hosts them, the chemical 
and structural characterisation of mineral assemblages can give important insights on 
fundamental questions of solid-state chemistry and ore-forming processes. It follows that broad 
regional- or deposit-scale genetic models can be tested and validated via observation and 
analysis of minerals down to the smallest scale, thus enabling improved exploration models. 
Increased volumes of data generated at different scales of observation on the same samples will 
in turn generate additional fundamental questions and catalyse further technological 
advancements. Fields likely to be the focus of future advancement include the atomic-scale 
distribution of metals within ore minerals, and the roles played by nanoparticles in that 
distribution. This includes observation of lattice-scale structural changes to minerals as they 
incorporate these metals as a response to changing physiochemical conditions. 
1. Introduction 
The present-day ore mineralogist is tremendously fortunate to have a large number of advanced 
analytical methods at hand, which can, particularly when used in combination, in-situ, on the 
same material, and bridging different scales of observation, provide extraordinary levels of 
information impossible a generation ago (Cook et al. 2017). Although the generation of large 
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volumes of data can at times present its own problems regarding the necessity of rigorous, 
time-consuming data quality control, and increased resolution of ever smaller features may 
often expose unexplained complexities, it is nevertheless an extraordinarily exciting time to be 
working in the field.  
Using examples from published work carried out in the laboratories of Adelaide 
Microscopy, we show how increased analytical capabilities offer the potential to resolve 
outstanding questions in ore mineralogy. Analytical techniques and methodologies reviewed 
here include laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS); 
recent developments in U-Pb hematite geochronology and associated preparation of a matrix-
matched hematite standard for microbeam analysis; and high-angle annular dark field scanning 
transmission electron microscopy (HAADF STEM) applied to mixed-layer minerals, 
nanoparticle mapping and other problems in ore mineralogy. 
2. LA-ICP-MS; imaging of trace elements and temporal constraints 
The ability to both accurately and precisely measure trace chemical variations of minerals in-
situ has led to a prolific increase of this tool being applied to mineralogical problems over the 
last two decades (Sylvester 2008, Cook et al. 2016 and references therein). Coupled with more 
traditional “spot” analysis, more recent development of this technique as an imaging tool to 
map the distribution of trace elements at the grain scale has helped validate models of ore 
formation at the deposit scale. The rapid and relatively inexpensive nature of the technique 
coupled with its excellent detection limits, complements other traditional microanalytical 
techniques commonly used, such as scanning electron microscopy (SEM) and electron probe 
microanalysis (EPMA). 
The combination of all these techniques – in-situ on the same sample – allow for generation 
of large, representative datasets informing about elemental deportment in ore or gangue 
minerals that can aid in the development of models for ore genesis, underpin geochemical 
vectors for mineral exploration, and help guide optimization of mineral processing strategies 
(Cook et al. 2016) The LA-ICP-MS platform also offers the capability for rapid in-situ 
geochronology, providing important temporal constraints on ore-forming processes 
(Woodhead et al. 2016). Commonly, U-Pb dating is applied to minerals such as zircon and 
monazite but is rapidly being extended to other dateable minerals more readily relatable to 
mineralising and alteration events, including hematite, apatite, cassiterite and epidote-group 
minerals. 
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2.1. Spot analysis vs. elemental maps 
Traditional LA-ICP-MS analysis consists of focussing a beam of pulsed UV light at a fixed 
position on the surface of a sample at which ablation will occur. The energy of the laser beam 
is transferred to the material and if above the ablation threshold volatilisation of the sample 
will occur. This volatilisation involves the formation of nanoparticles composed of the ablated 
material, which are transported via gas flow (usually He+Ar mix) from the ablation site into an 
ICP-MS where the elements of interest are measured. Many analytical aspects in both the laser 
and analysis mass spectrometer need to be considered for quality analyses, including, but 
certainly not limited to, factors such as downhole fractionation at the site of ablation (e.g. 
Gilbert et al. 2014, Zhu et al. 2017), mass bias within the spectrometer (Günther and Koch 
2008), standards used for quantitative analysis (e.g. Danyushevsky et al. 2011) and isobaric 
interferences. 
The spatial resolution of analysis is inherently tied to the size of the laser beam used for 
analysis, and can be varied within each manufacturers software, usually anywhere from a few 
micron up to 100’s of micron in diameter. However as elemental detection in ICP-MS is a 
physical transport process of ablated particles into a mass spectrometer, larger diameter laser 
spots give better detection limits due to the greater volume of ablated material and thus larger 
quantities of nanoparticles produced. As such typical quantitative laser ablation of minerals use 
spots sizes ranging from tens of microns to ~100 µm. As such, LA-ICP-MS will never approach 
the spatial resolution offered by e-beam techniques such as EPMA, however it provides 
superior detection limits, usually in the ppb range, at least for most heavy elements, with 
elements traditionally difficult to measure such as REE (due to interference issues) becoming 
relatively straightforward in a variety of matrices such as feldspars (Kontonikas-Charos et al. 
2017), apatite (Krneta et al. 2017), or hematite (Verdugo-Ihl et al. 2017; Keyser et al. 2018). 
During spot analysis, traditionally the laser beam is kept firing at a single location for on 
average ~0.5-1 minute depending on the purpose of analysis. During this period we are 
measuring the elements of interest repeatedly to give us time-resolved analysis. Due to the 
nature of laser ablation, we are continuously drilling down into our mineral of interest, and as 
such the time-resolved signal acquired relates to how each of the measured masses are changing 
subsurface. The depth of the ablation pit over the course of each analysis is highly dependent 
on the laser energy utilised and nature of the mineral matrix being ablated and can range 
anywhere from a few microns to tens of microns deep in the case of soft sulphides like galena 
or chalcopyrite (George et al. 2015, 2018). Figure 1 displays some typical downhole spot 
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analysis profiles from the mineral hematite (α-Fe2O3). The elemental trends downhole reflects 
a combination of the homogeneity of the mineral being ablated (i.e. does the mineral contain 
any inherent chemical zonation?), in addition to the presence of other minerals as micro-
/nanoscale inclusions within the primary mineral (seen as “spikes” in certain elements, at least 
in case when those inclusions are of sufficient size). 
This measurement volume differs to normal e-beam methods of measurement such as 
EPMA, where at operating conditions of 15 kV interaction volumes in hematite are on the order 
of one micron (ignoring secondary fluorescence effects). 
The more recent development of utilising LA-ICP-MS as a trace element mapping tool has 
allowed visualisation of elemental distributions that would require extreme analytical 
conditions, or otherwise impossible to detect via traditional e-beam methods. The process 
involves setting up a series of parallel laser rasters over the area of interest, along which the 
laser beam travels at a speed set by the user. In this way time resolved intensity data is collected, 
which can be stitched together into a 2-D images with commercial software and quantified if 
the appropriate microanalytical standards are available. Figure 2 displays an example of LA-
ICP-MS maps of an aggregate of pyrite grains. 
 
Figure 1. (a) and (d) Secondary electron (SE) images of hematite from Olympic Dam, South 
Australia; (b) time-resolved downhole elemental intensities of laser pit shown in (a). Note 
consistent flat elemental profiles indicating either homogeneous material is being ablated or 
that these elements occur as evenly distributed nanoscale inclusions within hematite; (e) time 
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resolved downhole profile of laser pit shown in (d). Note uneven nature of signals for P and 
REE, suggesting the presence of subsurface micron-sized monazite inclusions. FIB-SEM 
extraction of a foil taken adjacent to ablation pit, and subsequent analysis by TEM confirmed 
the presence of monazite inclusions. Figure reproduced from Cook et al. (2016). 
Immediately obvious in the figure is the oscillatory zoning in As, Co, and Ni, which 
represent minor element concentrations (1000’s of ppm) that would otherwise be measurable 
by X-ray mapping techniques such as EPMA, albeit at a worse signal/noise ratio. These three 
elements occur within solid solution in pyrite, often displaying oscillatory zoning patterns. The 
remaining mapped elements illustrated (Ga, Ag, Bi, and W) are present in much lower 
concentrations (maximum of a few hundred ppm), and display a drastically different elemental 
distribution. Silver and bismuth in particular display elevated concentrations of these elements 
along both fractures and cleavage planes within the pyrite grains, the latter usually invisible in 
typical back-scattered electron (BSE) SEM imaging. The concentration levels of these 
elements would make them undetectable by normal e-beam techniques. LA-ICP-MS mapping 
allows heterogeneous distributions of trace elements present at concentrations of just a few 
ppm to be seen clearly (e.g. the fine-scale Te and Se zoning in arsenopyrite; Cook et al. 2013). 
 
Figure 2. Laser ablation maps of pyrite grains. Intensity colour scale in CPS. Note oscillatory 
zoning of As, Co, and Ni, indicating solid solution lattice bound elements within pyrite. Ga, 
Ag, Bi, W display elevated concentration along microfractures and cleavage planes. Figure 
reproduced from Cook et al. (2016). 
 LIAM COURTNEY-DAVIES      Ph.D. DISSERTATION  
 
399 
LA-ICP-MS mapping removes the inherently biased nature of the alternate option of a spot 
traverse over the mineral in question, and often reveals elemental distributions that would have 
otherwise been missed. Experience with different mineral matrices, including those for which 
only limited trace element data was hitherto available, e.g. baryte (Schmandt et al. 2019), 
indicates that a majority of minerals are chemically zoned, and thus spot analysis alone will 
not provide adequate characterisation of trace element concentrations. The sensitive nature of 
the LA-ICP-MS mapping technique makes it very powerful when used in combination with 
other e-beam mapping techniques such as EPMA, or if complemented by other methods 
affording visualisation of distribution patterns at sub-micron (e.g. nanoSIMS) or nm-scale (e.g. 
TEM-EDS element mapping). 
LA-ICP-MS mapping has two additional advantages over conventional spot analysis: 
Firstly, it allows a direct visualisation of the systematic preferential partitioning of trace 
elements between co-existing mineral phases, e.g. co-existing base metal sulphides (George et 
al. 2016) or common Cu-Pb-Sb-sulphosalts (Li et al. 2019a). Secondly, the method allows for 
ready recognition of non-traditional mineral hosts for elements of interest (e.g. the occurrence 
of significant concentrations of U, Sn, Mo, and W within skarn garnet; Xu et al. 2017). 
2.2. New geochronological tools: microanalysis and standard development 
Accurate determination of the timing of a mineralisation event can be challenging. This is often 
primarily due to the ambiguity of linking growth of the dated (gangue) mineral with the 
associated minerals hosting the metals of interest. In addition, these complex ore mineral 
systems may involve multiple phases of mineral growth and fluid flow events that can overprint 
textures and reset geochronological clocks, making unequivocal interpretation difficult. 
Whenever possible, it is desirable to directly date the ore minerals themselves – and successful 
attempts with minerals such as molybdenite, cassiterite, columbite-tantalite, and uraninite are 
well reported in the literature. Often, however, these datable minerals are absent or only found 
in very specific mineral deposits, and as such the geologist is usually bound to analysis of more 
traditional U-Pb geochronometers such as zircon, monazite, and rutile. However, the accessory 
refractory nature of these minerals and their propensity for age “inheritance” can make it 
difficult to directly relate the calculated age of these minerals to a mineralising event. 




Figure 3. Laser ablation elemental maps of hematite grains. Note elevated levels of U and Pb 
in the oscillatory-zoned core domain (up to 1000 ppm), and 100’s to 1000’s ppm of W, Sn, and 
Mo. Scales in cps (x 10n). Figure adapted from Verdugo-Ihl et al. (2017). 
 
Figure 4. (a) BSE image of a typical hematite grain displaying zonation as bright zones. Spots 
represent EPMA analytical locations. (b) EPMA compositional spot data of grain displayed in 
(a). Note increasingly elevated U and W values corresponding with bright zones in BSE. Figure 
adapted from Verdugo-Ihl et al. (2017). 
As such, effort has been made to identify potential new U-Pb mineral geochronometers. 
Hematite, a common Fe-oxide in many types of ore deposits, and the most abundant minerals 
in many Iron Oxide Copper Gold (IOCG) deposits. The presence of U- and Pb-bearing hematite 
at Olympic Dam (Oreskes 1990), the world’s largest IOCG-type deposit (Ehrig et al. 2012) 
therefore raised the question of whether the mineral could be accurately and precisely dated. 
Textural evidence for crystallization of hematite at the same time as Cu mineralization allows 
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age relationships to established with confidence. The high levels, and grain-scale distribution 
of U endowment in Olympic Dam hematite were first quantified by Ciobanu et al. (2013); 
additional data and LA-ICP-MS maps are given by Verdugo-Ihl et al. (2017). These studies 
showed that hematite readily accepts up to wt% levels U and radiogenic Pb into its crystal 
structure without major structural modification or radiogenic damage to its lattice due to α-
decay (Figures 3 and 4). 
Ciobanu et al. (2013) attempted to date these grains via LA-ICP-MS and since then, 
additional efforts have been made to date Olympic Dam hematite with similar results 
(Courtney-Davies et al. 2016, 2019a). Courtney-Davies et al. (2016) also provided U-Pb 
hematite age for mineralization from Carajas, Brazil. Recently, Keyser et al. (2019) gave a U-
Pb hematite age for upgrading of banded iron formation iron ores from the Middleback Ranges, 
South Australia, using hematite that contained just 7-24 ppm U. This demonstrates both the 
versatility and huge potential of the new method. 
  
Figure 5. U-Pb concordia diagram adapted from Courtney-Davies et al. (2019a) displaying 
weighted mean and intercept ages of ~1600 Ma. Note “reverse discordance” of data ellipses 
sitting above concordia line. This is predominantly an analytical artefact induced by correcting 
U-Pb ratios in analysed hematite against a zircon reference material. 
In the absence of U-Pb hematite reference material, both studies utilised a zircon reference 
material to correct U-Pb data. As discussed in previous sections, the process of laser ablation 
is a physical process in which the sample is volatilized, and ablated material is transported to 
the ICP-MS as nanoparticles. As such different minerals ablate differently dependant on their 
composition, resulting in a different downhole U-Pb ratio profile between hematite and zircon. 
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This results in inaccuracies in determination of U-Pb ratios of hematite when using zircon as a 
standard.  
To circumvent this problem, suitable samples have been sent for U-Pb analysis via 
“standardless” Isotope Dilution Thermal Ionisation Mass Spectrometry (ID-TIMS) and begun 
development of a synthetic hematite U-Pb microanalytical standard. Initial ID-TIMS results 
give excellent accuracy and precision with expected age of the mineralization event (Figure 5; 
Courtney-Davies et al. 2019a). Although accepted as the “gold standard” of U-Pb analysis, ID-
TIMS is a time-consuming and costly process and a need was recognised for more routine fast 
U-Pb analysis of hematite grains via microbeam techniques such as LA-ICP-MS or SHRIMP. 
To achieve this hydrated ferric oxide (HFO) has been doped with a U and Pb solution, 
homogenised, dried, and then converted to hematite via heating to ~700 °C (Figure 6; 
Courtney-Davies et al. 2019b). The resultant hematite chips display encouraging homogeneity 
in U-Pb ratio and concentration and are currently being further refined and analysed via ID-
TIMS for certification. 
 
Figure 6. Representative time-resolved analysis of two separate chips. Note inhomogeneous 
downhole signal 204Pb in spot #2, indicating some subsurface heterogeneity. Figure adapted 
from Courtney-Davies et al. (2019b). 
3. High-resolution transmission electron microscopy 
The range of techniques discussed here represent a broad spectrum in spatial resolution, 
ranging from exceptional elemental detection limits at scales of several to a few tens of 
microns, to higher resolution imaging and elemental analysis of features on polished block 
surfaces that may only be a few nanometres in size. Transmission electron microscopy (TEM) 
extends this range substantially, enabling imaging and powerful analytical techniques ranging 
from the micron scale down to the scale of individual atoms. 
3.1 Sample preparation - Focused Ion Beam milling 
Samples for TEM analysis must be thinned to electron transparency, well below 200 nm, 
ideally ~60 nm. An important aspect of using a multiplatform approach is the ability to link 
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regions of interest between techniques, which can make the precise extraction of a suitable 
TEM sample challenging. In order to study a specific feature within a mineral using TEM (such 
as a grain boundary, or compositionally-zoned domain within a specific grain), a precise 
method is required to extract an extremely thin section at the required location. This section 
must also be extracted at an exact orientation, in order to ultimately visualise the crystal lattice 
at the desired orientation, allowing the observation of specific grain boundaries and defects. 
This process is shown in Figure 7. 
 
Figure 7. Sequence of analytical procedures for FIB–TEM foil preparation. Figure adapted 
from Ciobanu et al. (2011). 
Dualbeam instruments have proven invaluable for in-situ preparation of TEM samples in a 
range of fields, including materials science, metallurgy, earth science and the semiconductor 
industry. These focused ion beam – scanning electron microscopes (FIB-SEM) incorporate a 
traditional SEM column for non-destructive imaging, and an ion column utilising heavy ions 
(e.g. Ga, Xe, Ar) for imaging and precise milling of the sample. The imaging/milling capability 
allows regions in a mineral to be precisely identified, which can be of significant advantage 
when that mineral has been comprehensively characterised prior to FIB-SEM work (by SEM, 
EPMA and LA-ICP-MS). A thin TEM cross-section (or foil), is milled and lifted from the 
sample. A range of artefacts that can result from milling and thinning of ore mineral, e.g. via 
interaction with the Ga+ source, melting, etc., have been highlighted in Ciobanu et al. (2011). 
3.2 Scanning transmission electron microscopy 
Scanning transmission electron microscopy (STEM), in particular high angle annular dark-
field (HAADF STEM) is proving to be an exceptional technique for the characterisation of 
minerals from ores. In STEM mode, the incident electron beam is focused into a small probe 
and raster-scanned across the sample surface, in a similar manner to the SEM. The difference 
between these techniques lies in the transmission of the beam through the sample, where post-
sample detectors collect the electrons from different interaction events with the specimen. 
Although many signals are accessible simultaneously, of particular relevance is the HAADF 
detector. This detector is an annular type which allows electrons with little or no scattering to 
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pass through, while collecting the electrons scattered at high angles due to strong interactions 
with the atomic nuclei. The HAADF signal, importantly, is incoherent and monotonic, scaling 
with the thickness of the sample by I=t and the elemental mass by I=Z~2. 
The Z-contrast observed by HAADF STEM positions the technique as exceptional for 
characterising minerals of direct relevance to ore deposit studies, allowing the rapid 
identification of fine particles (100-2500 nm) and ultrafine nanoparticles (1-100 nm) as 
inclusions, layer stacking in mixed layer compounds, crystal-structural motifs in large 
structures such as Pb-Bi-sulfosalts, as well as atom-scale defects. In addition to this, the 
incoherent nature of the signal results in atomic resolution images which are readily 
interpretable, showing the location of atoms in the lattice directly and, in simple cases, 
suggesting the atomic species based on observed Z contrast. Experience has shown that 
HAADF STEM imaging is particularly well-suited to modular minerals composed of atomic 
layers that differ markedly in composition and thus contrast on the images. 
The ability to directly visualise these crystal structures is valuable for several reasons. 
Firstly, modular minerals (notably Pb-Bi-sulphosalts) may belong to structurally-defined 
homologous series in which changes in chemistry are accommodated by incremental changes 
in homology (Ciobanu et al. 2016; Li et al. 2019b). Secondly, there may exist multiple 
polytypes, and potentially, new mineral species, that occupy compositional space between end-
members, and which can be built by combinations of two or more building blocks. For 
example, there exist at least 11 distinct polytypes in the bastnäsite-synchysite group of rare 
earth element fluorocarbonates that can be directly imaged in terms of combinations of 
bastnäsite (B) and synchysite (S) layers, B2S, BS, BS2 etc. (Figure 8; Ciobanu et al. 2017a). 
Thirdly, layered minerals commonly display non-stoichiometry at the scale of the electron 
microprobe, a phenomenon readily explained by irregular, or semi-regular intergrowths (of 
various amplitude) of layers at the lattice scale, as for example in Bi-chalcogenides of the 
tetradymite group (Ciobanu et al. 2009) – minerals commonly found in gold deposits (e.g. 
Ciobanu et al. 2012) and the natural equivalents of some of the best semi-conductors known. 
The capabilities of HAADF STEM imaging are clearly observed for the mineral 
tellurobismuthite, Bi2Te3, which displays distinct Z contrast for the bismuth and tellurium 
atoms as shown in Figure 9. 




Figure 8. HAADF STEM images showing the typical stacking sequences in (a) bastnäsite 
down to [−1100]; (b and c) parisite down to [−1100] and [10–10] zone axis, respectively. The 
sequence is characterised by two rows of bright atoms (B slab) and one row of slightly darker 
atoms (‘f’ layer in the middle of the S slab); and (d) B2S imaged down to [10–10] zone axis. 
Figure reproduced from Ciobanu et al. (2017). 
 
Figure 9. (a) High-resolution HAADF STEM image of tellurobismuthite (Bi2Te3), and (b) 
crystal structure model for the mineral, showing the positions of the atoms and the Van der 
Waals gaps between the layers. Figure reproduced from Cook et al. (2017). 
3.3. Incorporation and release of trace elements in ore minerals  
The high resolution and Z contrast achievable by HAADF STEM make the technique ideal for 
study of lattice-scale incorporation and release of heavy elements into and from mineral 
matrices. One good example is uranium within the crystal lattice of hematite. Studies of U-
being hematite are important for development of U-Pb geochronology, as documented above, 
and also for mineral processing. In U-W-Sn-Mo oscillatory-zoned hematite from Olympic Dam 
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that experienced overprinting (Verdugo-Ihl et al. 2017), uraninite nanoparticles were identified 
(Figure 10) from domains where fluid percolation assisted U release from the crystal lattice of 
hematite and led to crystal zoning re-shaping. 
 
Figure 10. Hematite mineral from the Olympic Dam orebody, showing (a) HAADF STEM 
image of uraninite nanoparticles and (b) EDX map of the imaged area, confirming the 
distribution of uranium. Figure reproduced from Cook et al. (2017). 
HAADF STEM study of FIB-prepared foils extracted from across zoning in hematite 
containing some of the most U (up to 2-3 wt.% UO2) from Olympic Dam shows instead 
presence U-free nm-scale needles of magnetite (Fe3O4) (Ciobanu et al. 2018; Figure 11). 
Lattice scale faults assist transformation of the rhombohedral hematite[1-10] into the cubic 
magnetite[1-10] lattice (Figure 11a). The epitaxial relationships between the two Fe-oxides are 
preserved in the widest needles (10-20 nm wide; Figure 11b). Identification of magnetite 
against other phases such as cubic (β-, or γ-) Fe2O3 polymorphs is based upon EDS-STEM 
mapping showing higher-Fe and lower-O composition of the needle relative to host hematite 
as well, as by STEM simulation of the images (Figure 11c). Such needles are not found in 
domains of high-W (up to several wt% WO3) or low-U (up to thousands of ppm U) hematite. 
Results suggest that such magnetite needles only occur at the upper U solubility limit in the U-
bearing hematite lattice. This is most significant for understanding reliability of such grains for 
high-precision U-Pb dating.  




Figure 11. HAADF STEM images showing needles of magnetite (Mt) in U-rich hematite 
(Hm): a few atoms in width (a) and some tens of nm-wide (b). (c) Image and STEM simulation 
of Mt on [1-10] zone axis. T=tetrahedral site; M=octahedral site. Images obtained at 200 kV. 
STEM simulation using WinHREMTM version 4.1 software. Figure adapted from Ciobanu et 
al. (2018). 
 
Figure 12. Atomic-scale HAADF STEM images of bornite superstructures down to the [101] 
zone axis. (a) Bornite with marginal djurleite. FFT (inset) shows coherent intergrowths 
between 4a bornite and djurleite. (b) Close-up of the area marked in (a) showing domain 
heterogeneity throughout the bornite. Satellite reflections (FFT in inset) shows four-fold 
periodicity but with variation in intensity indicating the co-existence of 2a and 4a 
superstructures. (c) 2a and 4a superstructure domains in the area marked in (b). Yellow dots 
highlight structural motifs for the two species. (d) Detail of 4a superstructure showing atom 
distribution throughout the superlattice as marked by the yellow dots. Note faint variation in 
grey-scale intensity of the atoms that make the superstructure unit cell. Bn—bornite; Dj—
djurleite. Figure adapted from Owen et al. (2018). 
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3.4. Other crystal structural modifications: superstructures 
Phase transitions and crystal structural modifications can occur in mineral that crystallise from 
high temperature solid-solutions; Cu-Fe-sulphides are a typical example. Cu-Fe-sulphides from 
different ore zones at Olympic Dam feature nanoscale intergrowths, superstructure domains 
(larger structures built from a simpler crystal structure in which mixed sites, vacancies, or 
impurities are ordered over ‘n’ unit cells) and antiphase boundary domains that can be 
interpreted as exsolution, coarsening and phase transformation during cooling from high-T 
solid solutions in the system Cu-Fe-S and sub-systems according to published phase diagrams 
(Ciobanu et al. 2017b). Bornite (Cu5FeS4) superstructures are formed by Fe vacancy ordering 
(Ding et al. 2005). These (Figure 12) are documented for the first time by HAADF STEM 
imaging of Cu-ores from South Australia (Owen et al. 2018). 
4. Concluding remarks 
Using different techniques on the same sample material, bridging scales of observation from 
that of mm down to Ångstroms, and proceeding from least- to most-destructive, has facilitated 
significant advances in the research field. In particular, samples extracted in-situ by FIB-SEM 
after micron-scale characterisation possess extraordinary versatility. Not only can HAADF 
STEM imaging provide insights down to the nanoscale but FIB-prepared foils can be readily 
examined by electron back-scatter diffraction (EBSD) to understand crystal orientations and 
modification thereof (as applied to uraninite; Macmillan et al. 2016), or synchrotron X-ray 
studies to determine the speciation of component ions (as applied to Cu in sphalerite; Cook et 
al. 2015). 
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